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ABSTRACT 
Joshua Eugene Beaver: The Development of Receptors for Posttranslationally Modified 
Peptides in Water 
(Under the direction of Marcey Waters) 
 
The work presented in this dissertation highlights recent progress and advances in 
using dynamic combinatorial chemistry (DCC) for the investigation of molecular recognition 
in water.  In particular, this work emphasizes the selective recognition of posttranslational 
modifications of histone proteins in the context of peptides through differential non-covalent 
interactions.  DCC was used to identify and synthesize small molecule receptors, in the form 
of amphiphilic macrocycles with aromatic interiors and anionic exteriors, which bind to 
modified amino acids with protein-like affinity and selectivity. 
Advances in supramolecular and materials chemistry continue to expound upon the 
limits of molecular recognition.  The progression of biotechnology in cancer research and the 
development of green materials, emphasizes the importance of controlling and predicting the 
non-covalent interactions that drive molecular recognition in water.  Understanding 
posttranslational modifications of histone proteins has been the focus of intense research in 
recent years, due to their critical involvement in the control of gene transcription.   
Iterative redesign of a previously identified synthetic receptor that binds to 
trimethyllysine with affinity and selectivity comparable to the HP1 chromodomain led to the 
identification of a small molecule receptor with an expanded binding pocket and aromatic
iv	  
surface that recognizes asymmetric dimethylarginine (RaMe2).  The size of the binding 
pocket limited binding to symmetric dimethyl arginine (RsMe2), leading to preferential 
binding of RaMe2. 
DCC was also used to conduct a structure function study of previously identified 
receptors in order to investigate the influences of structure and electrostatic interactions on 
binding affinity to methylated lysine derivatives.  Parallels in relationship to binding pocket 
depth, were observed between the binding selectivity of native proteins for various 
methylated lysines and small molecule receptors.  The influence of electrostatic interactions 
on affinity and selectivity revealed that additional carboxylate-ammonium interactions can 
improve binding affinity, but do not significantly affect selectivity between methylation 
states of lysine. 
Non-covalent influences on binding to 3-nitrotyrosine, a product of oxidative stress 
and important biomarker for disease, were also investigated using DCC.  A potential scaffold 
for selective binding to 3NT over tyrosine was identified and a variety of novel DCC 
monomers was developed for use in future iterative redesign studies. 
v	  
To my wife and my family.  Your thoughts, prayers, words of encouragement and tireless, 
loving support have given me so much strength.  I cannot imagine doing this without you, 
and I cannot thank you enough for all you do for me. 
 
 
 
 
 
 
 
 
 
vi	  
ACKNOWLEDGEMENTS 
 
First and foremost, I thank my advisor, Professor Marcey Waters, for her support over 
the past five years.  I am forever grateful for her encouragement, mentorship, and leadership. 
She has molded me into a scientist and a researcher, and I will continually strive to embody 
her creativity, determination, and enthusiasm for science, and for life.  
I would also like to thank Professor Paul Kropp for continued support, mentorship, 
and friendship.  I will always remember our teaching experiences together, and will continue 
to pursue excellence that you taught me in the classroom as well as the laboratory.   
I would also like to thank my committee, Professor David Nicewicz, Professor Jeffrey 
Johnson, Professor Kevin Weeks, and Professor Eric Brustad for guidance and assistance. I 
also thank Michel Gagné for his support, discussion, and encouragement. 
Additional thanks are needed for Dr. Ashutosh Tripathy, for his wisdom and guidance 
with binding experiments.  His assistance with troubleshooting and experimental design was 
paramount in the success of several projects.  
Of course I cannot thank anyone more than my lab mates, both past and present.  
Natalie Rice, Dr. Jes Park Lindsey, and Dr. Kaiulani Houston offered the most sincere 
friendship and camaraderie I will always remember.  Thank you for the late night 
companionship in lab, for our collective troubleshooting and discussion sessions, for faith in 
both God and each other, and for all of your advice, not only in science, but also in life.
vii	  
Also I want to give a special thanks to Brenan Peacor and Nicholas Pinkin.  Your 
friendship, scientific discussions, and camaraderie made a lasting impact on my life. I hope 
to continue our friendship as our paths evolve before us.  I must also thank Dr. Lindsey 
James.  While we did not overlap for long, your influence in our laboratory is felt every day.  
I cannot count the number of times I turned to your notebook or dissertation for advice or 
assistance and I will always remember your help as a leader, mentor, and friend. 
Lastly, and maybe most importantly, I want to thank my wife and my family. You are 
my constant and I am eternally grateful for your love and encouragement.  You are an 
integral part of my being and I am writing this, in many ways, because of what you have 
taught me.  Your wisdom and guidance have given me the passion and perseverance to build 
endurance, and to love what I do.  I could have never done this without your support. 
 
Adapted with permission from (James, L..I.,* Beaver, J.E.,* Rice, N.W., Waters, 
M.L. A Synthetic Receptor for Asymmetric Dimethyl Arginine. J. Am. Chem. Soc. 2013, 
135, 6450-6455). Copyright 2013 American Chemical Society. 
(Beaver, J.E.,* Peacor, B.C.,* Bain, J.V., James, L.I., Waters, M.L. Contributions of 
Pocket Depth and Electrostatic Interactions to Affinity and Selectivity of Receptors for 
Methylated Lysine in Water. Org. Biomol. Chem. 2015, 13, 3220-3226) - Reproduced by 
permission from the Royal Society of Chemistry.
viii	  	  
TABLE OF CONTENTS 
TABLE OF FIGURES .......................................................................................................... xvii 
TABLE OF TABLES ............................................................................................................ xxii 
TABLE OF SCHEMES ....................................................................................................... xxiii 
TABLE OF EQUATIONS ................................................................................................... xxiv 
LIST OF ABBREVIATIONS ............................................................................................... xxv 
Chapter I:  The Identification of Small Molecule Receptors for Methylated Arginine ............ 1 
A. Introduction: Background and Significance ..................................................................... 1 
i. The Nucleosome and Epigenetics .................................................................................. 1 
a. Protein Methylation of Lysine ...................................................................................... 5 
b. Protein-methylation - Arginine .................................................................................. 13 
ii. Techniques for studying PTMs ................................................................................... 17 
a. Antibodies and Mass Spectrometry ............................................................................ 17 
b. Small Molecule Receptors ......................................................................................... 19 
b.1. Receptors for KMe3 and the cation-π interaction ............................................ 19 
b.2. Receptors for Arg and methylated Arg ............................................................ 33 
B. Goals and Project Design for this Work ......................................................................... 40 
i. Dynamic Combinatorial Chemistry ............................................................................. 40 
a. Background and Significance ..................................................................................... 40 
b. Dynamic Combinatorial Libraries .............................................................................. 42
ix	  	  
c. Prior Success Using DCC ........................................................................................... 45 
ii. Project Goals .............................................................................................................. 48 
iii. Project Design ............................................................................................................ 48 
C. Results and Discussion ................................................................................................... 51 
i. Biased Dynamic Combinatorial Libraries for the Generation of A2D ......................... 51 
ii. Characterization of A2D .............................................................................................. 53 
a. Synthesis and Purification .......................................................................................... 53 
b. NMR Characterization ............................................................................................... 54 
iii. Binding Studies with Methylated Arg and Lys .......................................................... 56 
a. Fluorescence Polarization Binding Studies ................................................................ 56 
b. 1H NMR Binding Studies ........................................................................................... 59 
c. Isothermal Titration Calorimetry ................................................................................ 62 
D. Conclusions .................................................................................................................... 67 
E. Second Generation Strategies for Recognition of Methylated Arg ................................ 70 
i. Redesigning Small Molecule Receptors and DCC Monomers .................................... 70 
a. Background ................................................................................................................. 70 
b. Project Design ............................................................................................................ 72 
ii. Initial Results .............................................................................................................. 74 
a. Library 1: C + G ......................................................................................................... 74 
b. Library 2: E + G ......................................................................................................... 76 
c. Library 3: C + E + G .................................................................................................. 77 
d. Library 4: C + E + G + H .......................................................................................... 79 
e. Library 5: B + C + D + E + G + H ............................................................................ 82
x	  	  
iii. Future Directions ....................................................................................................... 83 
F. Experimental ................................................................................................................... 84 
i. Synthesis of Monomer D ............................................................................................. 84 
a. Methyl-3,5-dihydroxy-2-naphthoate .......................................................................... 84 
b. Methyl-3,5-bis((dimethylcarbamothioyl)oxy)-2-naphthoate ..................................... 85 
c. Methyl 3,5-bis((dimethylcarbamoyl)thio)-2-naphthoate ............................................ 85 
d. 3,5-dimercapto-2-naphthoic acid (D) ......................................................................... 86 
ii. Synthesis of Monomer H ............................................................................................ 86 
a. Methyl 1,4-dihydroxy-2-naphthoate ........................................................................... 87 
b. Methyl 1,4-bis((dimethylcarbamothioyl)oxy)-2-naphthoate ..................................... 87 
c. Methyl 1,4-bis((dimethylcarbamoyl)thio)-2-naphthoate ............................................ 88 
d. 1,4-dimercapto-2-naphthoic acid (H) ......................................................................... 88 
iii. Synthesis of Monomer J ............................................................................................. 89 
a. 6,6’-dibromo-[1,1’-binaphthalene]-2,2’diol ............................................................... 89 
b. 2,2’-dihydroxy-[1,1’binaphthalene]-6,6’-dicarbonitrile ............................................ 90 
c. 2,2’-dihydroxy-[1,1’-binaphthalene]-6,6’-dicarboxylic acid ..................................... 90 
d. Dimethyl 2,2’-dihydroxy-[1,1’-binaphthalene]-6,6’-dicarboxylate ........................... 91 
e. Dimethyl 2,2’-bis((dimethylcarbamothioyl)oxy)-[1,1’binaphthalene]- 
6,6’-dicarboxylate .......................................................................................................... 92 
f. Dimethyl 2,2’-bis((dimethylcarbamoyl)thio)-[1,1’-binaphthalene]- 
6,6’-dicarboxylate .......................................................................................................... 92 
g. 2,2’-dimercapto-[1,1’-binaphthalene]-6,6’-dicarboxylic acid (Binam) ..................... 93 
ii. Dynamic Combinatorial Chemistry ............................................................................ 93
xi	  	  
a. General Library Preparation ....................................................................................... 93 
b. Box Library Preparation ............................................................................................. 94 
iii. Analytical HPLC ........................................................................................................ 94 
iv. Analytical LC/MS ...................................................................................................... 95 
v. Synthesis of A2D ......................................................................................................... 95 
vi. Extinction coefficient determination of A2D ............................................................. 96 
vii. NMR Analysis of Binding Interactions .................................................................... 97 
viii. Isothermal Titration Calorimetry ............................................................................. 97 
ix. Peptide synthesis ........................................................................................................ 98 
REFERENCES ...................................................................................................................... 100 
Chapter II:  Structure Function Study of Small Molecule Receptors to  
Investigate the Influences of Non-Covalent Interactions on Binding  
Affinity and Selectivity in Water .......................................................................................... 111 
A. Introduction .................................................................................................................. 111 
i. Background and Significance .................................................................................... 111 
ii. Recognition of Methyated Lys by Reader Proteins .................................................. 114 
a. Recognition of KMe3 and KMe2 ............................................................................. 115 
b. Recognition of the lower methylation states of Lys in histones .............................. 117 
c. Mutational Studies on Protein Binding Pockets ....................................................... 120 
iii. Design of Small Molecule Receptors for Recognition of Methylated Lys .............. 124 
a. Work by Dennis Dougherty ...................................................................................... 124 
b. Work by Fraser Hof .................................................................................................. 126 
c. Pillar[5]arene and Cucurbit[7]uril Recognition of Methylated Lys ......................... 128 
d. Mercaptophanes ....................................................................................................... 128
xii	  	  
e. Summary of Binding to Methylated Lys .................................................................. 129 
B. Project Goals and Design ............................................................................................. 130 
i. Background and Significance .................................................................................... 130 
ii. Experimental Approach ............................................................................................ 134 
C. Results and Discussion: Part One ................................................................................. 135 
i. Monomer E ................................................................................................................. 135 
a. Monomer Design ...................................................................................................... 135 
b. DCC Libraries .......................................................................................................... 135 
c. Low Concentration DCC Libraries .......................................................................... 139 
d. Preparative Synthesis of A2E ................................................................................... 141 
e. Preparative Synthesis of AE3 .................................................................................... 142 
f. A2E NMR .................................................................................................................. 143 
g. Binding Studies ........................................................................................................ 146 
g.1. Fluorescence Anisotropy ................................................................................ 146 
g.2. Isothermal Titration Calorimetry ................................................................... 148 
ii. Comparison of A2B to A2E ....................................................................................... 151 
iii. Monomer C .............................................................................................................. 153 
a. Monomer Design ...................................................................................................... 153 
b. DCC Libraries .......................................................................................................... 155 
c. Preparative Synthesis of A2C ................................................................................... 156 
d. ITC Binding Studies ................................................................................................. 157 
iv. Comparison of A2B, A2E and A2C ........................................................................... 159 
v. Comparison of Receptors with Shallow Binding Pockets to A2N ............................ 161
xiii	  	  
D. Results and Discussion: Part Two ................................................................................ 164 
i. Monomer D ................................................................................................................ 164 
ii. Monomer G ............................................................................................................... 165 
a. Monomer Design ...................................................................................................... 165 
b. DCC Libraries .......................................................................................................... 166 
c. Preparative Synthesis of A2G ................................................................................... 168 
d. Binding Studies and Analysis .................................................................................. 168 
iii. Comparison of A2G to A2N ..................................................................................... 170 
iv. Monomer H .............................................................................................................. 170 
a. Monomer Design ...................................................................................................... 170 
b. DCC Libraries .......................................................................................................... 171 
v. Monomer J ................................................................................................................. 173 
a. Monomer Design ...................................................................................................... 173 
b. DCC Libraries .......................................................................................................... 174 
vi. Effects of Ionic Strength on Binding in Water ......................................................... 174 
E. Conclusions ................................................................................................................... 176 
F. Ongoing Work and Future Directions for this Project .................................................. 177 
i. Monomer F ................................................................................................................. 177 
a. Monomer Design ...................................................................................................... 177 
b. Synthesis of A2F ....................................................................................................... 177 
G. Experimental ................................................................................................................ 178 
i. Biased DCC Screening Libraries: General Procedure ............................................... 178 
ii. Biased Low Concentration DCC Libraries: General Procedure ............................... 178
xiv	  	  
iii. Preparative Synthesis of A2E ................................................................................... 178 
iv. 1H NMR Characterization of A2E ............................................................................ 179 
v. Extinction Coefficient Determination of A2E ........................................................... 179 
vi. Fluorescence Anisotropy .......................................................................................... 180 
vii. ITC Measurements .................................................................................................. 181 
viii. ITC Heat of Dilution Subtraction: Direct Method ................................................. 183 
ix. Heat of Dilution: Extrapolation Method .................................................................. 184 
REFERENCES ...................................................................................................................... 185 
Chapter 3:  Progress Toward the Identification of Small Molecule  
Receptors for 3-Nitrotyrosine ................................................................................................ 191 
A. Introduction .................................................................................................................. 191 
i. Biological Significance .............................................................................................. 191 
ii. Current Methods for Sensing 3NT ............................................................................ 193 
B. Project Goals and Design ............................................................................................. 194 
i. Project Goals .............................................................................................................. 194 
ii. Non-covalent Interactions for Molecular Recognition in Water .............................. 195 
a. Electrostatic Interactions .......................................................................................... 195 
b. Hydrogen Bonding Interactions ............................................................................... 197 
c. π-π Stacking .............................................................................................................. 198 
d. Cation-π Interaction .................................................................................................. 199 
e. C-H-π Interaction ...................................................................................................... 201 
f. The Hydrophobic Effect ........................................................................................... 202 
iii. 3NT Molecular Recognition .................................................................................... 204
xv	  	  
iv. Project Design .......................................................................................................... 206 
a. Monomer Design and Synthesis ............................................................................... 208 
C. Results and Discussion ................................................................................................. 209 
i. Initial Exploratory DCC Libraries ............................................................................. 209 
a. DCC Libraries .......................................................................................................... 209 
b. The Identification of (B3,5)4 ...................................................................................... 210 
c. DCC Library Screens for the Identification of Novel Receptors for 3NT ............... 210 
d. The Preparative Synthesis of A3 ............................................................................... 214 
d.1. The Preparative Scale Synthesis of Het-A3 .................................................... 215 
d.2. The Preparative Scale Synthesis of Hom-A3 .................................................. 216 
e. Binding Studies with A3 and 3NT ............................................................................ 218 
e.1. Binding Studies with Het-A3 .......................................................................... 218 
e.2. Binding Studies with Hom-A3 ........................................................................ 220 
ii. Ongoing and Future Work: Iterative Redesign ......................................................... 223 
a. Bromination of Monomer A ..................................................................................... 224 
a.1. Attempted Synthesis of A1,5Br ......................................................................... 225 
a.2. Attempted Synthesis of A9,10Br ....................................................................... 226 
a.3. The Synthesis of A9Br ..................................................................................... 227 
b. Synthesis of Naphthalene-Derived Monomers ........................................................ 228 
b.1. Binam (Monomer J from Chapters 1 & 2) ..................................................... 229 
b.2. The Synthesis of Pamam ................................................................................ 233 
c. Synthesis of Cationic Derivatives of Monomer B3,5 ................................................ 234 
c.1. Example DCC Libraries ................................................................................. 236
xvi	  	  
c.2. DCC Library Troubleshooting ....................................................................... 237 
c.3. Libraries Prepared in Buffer ........................................................................... 238 
D. Conclusions .................................................................................................................. 240 
E. Experimental ................................................................................................................. 240 
i. DCC Library Preparation: Non-Buffered ................................................................... 240 
ii. Preparative DCC Library for Het-A3 ........................................................................ 241 
iii. Preparative DCC Library for Hom-A3 ..................................................................... 241 
iv. Fluorescence Quenching .......................................................................................... 242 
v. Synthesis of Pamam .................................................................................................. 243 
a. Dimethyl 4,4’-methylenebis(3-hydroxy-2-naphthoate) ........................................... 243 
b. Dimethyl 4,4’-methylenebis(3-((dimethylcarbamothioyl)oxy)-2-naphthoate) ........ 244 
c. Dimethyl 4,4’-methylenebis(3-((dimethylcarbamoyl)thio)-2-naphthoate) .............. 244 
d. 4,4’-methylenebis(3-mercapto-2-naphthoic acid) .................................................... 245 
REFERENCES ...................................................................................................................... 246 
 
xvii	  
LIST OF FIGURES 
Figure   
1.1 DNA packaging by the octomeric histone core ................................................................. 2 
 
1.2 Common PTMs found on histone tails .............................................................................. 3 
 
1.3 General processive Lys methylation from Lys to KMe3. ................................................. 6 
 
1.4 The surge in protein-Lys methylation and protein-Arg  
 methylation publications since 1999 ................................................................................. 7 
 
1.5 Water channel formation in protein binding pockets ........................................................ 9 
 
1.6 Examples of cis- and trans-histone crosstalk between PTMs ......................................... 12 
 
1.7 Active site residues of PRMT1 with Arg methylation mechanism ................................. 14 
 
1.8 Binding of RsMe2 and RaMe2 by proteins ..................................................................... 15 	  
1.9 Dougherty’s cyclophane .................................................................................................. 20 
 
1.10 Structure of the histone 3A HP1 chromodomain interaction .......................................... 23 
 
1.11 Methylated ammonium receptors .................................................................................... 25 
 
1.12 Side representation of calix[4]arene ................................................................................ 26 
 
1.13 Side view of para-sulfonatocalix[4]arene (CX4) ............................................................ 27 
 
1.14 Derivatization of CX4 ..................................................................................................... 30 
 
1.15 Synthetic small molecule receptors that bind to KMe3 .................................................. 31 
 
1.16 Modifications of DC1 ...................................................................................................... 34 
 
1.17 Binding of RsMe2 and RaMe2 by reader proteins .......................................................... 37 
 
1.18 Electrostatic potential maps of Arg side chains .............................................................. 38 	  
1.19 Dynamic combinatorial chemistry .................................................................................. 43 
 
1.20 Publications pertaining to DCC literature since 1984 ..................................................... 44 
xviii	  
1.21 Mercaptophane A2B and peptides used in binding studies ............................................. 46 
 
1.22 Disulfide exchange .......................................................................................................... 48 
 
1.23 Iterative redesign of A2B ................................................................................................. 50 
 
1.24 DCC libraries with monomers A and D .......................................................................... 52 
 
1.25 Percent amplification of A2D biased DCC libraries ........................................................ 53 
 
1.26 Preparative synthesis of A2D ........................................................................................... 54 
 
1.27 A2D NOESY cross peaks ................................................................................................ 55 
 
1.28 Fluorescence quenching data of A2D .............................................................................. 59 
 
1.29 1H NMR binding studies of RaMe2 peptide with A2D ................................................... 60 
 
1.30 1H NMR binding studies of RsMe2 peptide with A2D ................................................... 62 
 
1.31 DCC libraries for the synthesis of BD2 ........................................................................... 71 
 
1.32 Monomers used in box DCC libraries ............................................................................. 73 
 
1.33 HPLC trace of DCC library containing monomers C and G ........................................... 76 
 
1.34 HPLC trace of DCC library containing monomers E and G ........................................... 77 
 
1.35 HPLC trace of DCC library containing monomers C, E and G ...................................... 79 
 
1.36 A. HPLC trace of DCC library containing monomers C, E, G and H ............................ 81 
 
1.37 HPLC trace of DCC library containing monomers B, C, D, E, G and H ........................ 82 
 
1.38 Mass spectrum of A2D. ................................................................................................... 96 
 
2.1 Relation between Lys methlyation and acetylation and hydrophobicity ...................... 113 
 
2.2 Structure of the histone 3A HP1 chromodomain interaction ........................................ 116	  
 
2.3 Crystal structure of the BPTF PHD binding pocket ...................................................... 117	  
 
2.4 Crystal structure of L3MBTL1 binding to KMe2 and KMe ......................................... 119	  
 
2.5 Comparison of reader protein binding pockets binding to KMe2 ................................. 123	  
 
2.6 Water-soluble cyclophanes developed by Dougherty and coworkers ........................... 126
xix	  
2.7 General synthesis of A2X macrocycles from biased DCC libraries .............................. 132 
 
2.8 DCC libraries generating A2E in the presence of Lys peptides .................................... 136	  
 
2.9 DCC libraries generating A2E in the presence of Arg peptides .................................... 137	  
 
2.10 Biased DCC libraries for the generation of AE3 ........................................................... 138	  
 
2.11 Amplification of A2E in biased low concentration DCC libraries ................................ 140 
 
2.12 Preparative synthesis of A2E ......................................................................................... 142	  
 
2.13 Guests tested for the formation of A2E and AE3 in DCC libraries ................................ 142
 
2.14 Preparative synthesis of AE3 ......................................................................................... 143	  
 
2.15 1H NMR of A2E ............................................................................................................. 144	  
 
2.16 Variable temperature 1H NMR of A2E .......................................................................... 145	  
 
2.17 Analysis of 1H NMR chemical shift changes in A2E .................................................... 146	  
 
2.18 Fluorescence anistropy for the titration of A2E into FAM_H3R8GK9G ...................... 147	  
 
2.19 Fluorescence intensity during the titration of A2E into FAM_H3R8GK9G ................. 148	  
 
2.20 ITC titration of YH3R8GK9G into A2E ........................................................................ 149	  
 
2.21 ITC titration of WH3R8GK9G into A2E ....................................................................... 149	  
 
2.22 Low concentration DCC libraries biased toward formation of A2C ............................. 155	  
 
2.23 Amplification of A2C in biased low concentration DCC libraries. ............................... 156	  
 
2.24 Preparative synthesis of A2C. ........................................................................................ 157	  
 
2.25 Molecular modeling energy minimization of A2G bound to BuNMe3 ......................... 166	  
 
2.26 Biased DCC libraries for the generation of A2G ........................................................... 167	  
 
2.27 Amplification of A2G in biased DCC libraries ............................................................. 167	  
 
2.28 Preparative synthesis of A2G ......................................................................................... 168	  
 
2.29 DCC libraries biased for the generation of A2H ............................................................ 172	  
 
2.30 Molecular modeling energy minimization of A2H ........................................................ 173
xx	  
2.31 High salt ITC titration of A2E into WH3K9Me2 .......................................................... 175 
 
2.32 The synthesis of A2F from monomers A and monomer F. ........................................... 177	  
 
2.33 ITC titration of A2E into WH3K9Me3 .......................................................................... 182	  
 
2.34 ITC titration of A2G into WH3K9Me3. ........................................................................ 183 
 
3.1 General depiction of electrostatic interactions in water ................................................ 196	  
 
3.2 General depiction of hydrogen bonding interactions in water ...................................... 197	  
 
3.3 Two of the three possible geometries for π-π interactions ............................................ 198	  
 
3.4 β-hairpin stabilization via cross-strand cation-π interactions ........................................ 200	  
 
3.5 Examples of C-H-π interactions .................................................................................... 202	  
 
3.6 Depiction of the classical theory of the hydrophobic effect .......................................... 203	  
 
3.7 Depiction of the non-classical theory of the hydrophobic effect .................................. 204	  
 
3.8 Comparison of Tyr and 3NT ......................................................................................... 205	  
 
3.9 Representation of binding of 4-nitrophenol .................................................................. 206	  
 
3.10 Monomers screened in DCC libraries for generation of 3NT receptors ....................... 209	  
 
3.11 DCC libraries of monomer B3,5 ..................................................................................... 210	  
 
3.12 DCC library consisting of monomer B3,5 and D3,5 ........................................................ 211	  
 
3.13 DCC library consisting of monomer B2,5 and D3,7 ........................................................ 212	  
 
3.14 LC/MS trace of DCC library with monomer A ............................................................. 214	  
 
3.15 DCC libraries of monomer A and amplification of A3 ................................................. 215	  
 
3.16 Synthesis of Het-A3 ....................................................................................................... 216 
 
3.17 Synthesis of Hom-A3 ..................................................................................................... 217	  
 
3.18 1H NMR of Hom-A3 and GY(NO2)GE in D2O ............................................................ 218	  
 
3.19 Fluorescence quenching observed during the titration of  
 Het-A3 into DanCaMY. ................................................................................................. 219
xxi	  
3.20 Fluorescence quenching observed during the titration of  
 Hom-A3 into FAMCaMY .............................................................................................. 221 
 
3.21 Fluorescence spectrum of FAMCaMY and FAMCaMnY ............................................ 222	  
 
3.22 Fluorescence intensity as Hom-A3 is titrated into FAMCaMnY .................................. 222	  
 
3.23 ITC titrations of CaMnY into Hom-A3 ......................................................................... 223	  
 
3.24 Bromination of cyclophane DC1 to form DC-Br .......................................................... 225	  
 
3.25 Brominated derivatives of monomer A. ........................................................................ 225	  
 
3.26 The proposed synthesis of A1,5Br ................................................................................... 226	  
 
3.27 The proposed synthesis of A9,10Br .................................................................................. 227	  
 
3.28 The synthesis of A9Br ..................................................................................................... 228	  
 
3.29 Large naphthalene-derived DCC monomers Binam and Pamam, ................................ 229	  
 
3.30 Molecular modeling of a macrocycle containing  
 Binam, A, and N binding to butyldimethylammonium ................................................. 230	  
 
3.31 1H NMR of Binam in DMSO ........................................................................................ 231	  
 
3.32 DCC library with monomers Binam and D3,5 ............................................................... 232	  
 
3.33 LC/MS trace of DCC library containing monomers Binam and B3,5 ............................ 233	  
 
3.34 Synthesis of Pamam from commercially available pamoic acid ................................... 234 
 
3.35 Cationic monomers derived from monomer B3,5 .......................................................... 235	  
 
3.36 General synthetic scheme for the derivatization of B3,5 ................................................ 236	  
 
3.37 DCC library containing monomer Ba and Bc ............................................................... 237	  
 
3.38 DCC library containing monomer Ba with GY(NO2)GK-NH2 .................................... 238 
 
3.39 DCC library of monomer Ba in the presence of  
 either GYGK-NH2 (GY(NO2)GK-NH2, or no guest (black) ........................................ 239	  
xxii	  
  LIST OF TABLES 
Table 1.1. Binding affinities of guests bound to DC1 ............................................................. 20	  
 
Table 1.2. Affinities of CX4 for the Methylation States of Lys and Arg in Water ................. 29	  
 
Table 1.3. Binding affinities of Dougherty’s DC1, DC2, and DC3 
  for various ammonium and guanidinium guests in water .............................................. 35	  
 
Table 1.4. Changes in chemical shift (Δδ ppm) for Ac-KMe3G-NH2  
 upon binding to an excess of rac-A2B ............................................................................. 46	  
 
Table 1.5. Binding Affinities and Selectivity Factors for rac-A2B Binding to Histone H3 
Peptides with Methylated Lys as Measured by ITC ........................................................ 47	  
 
Table 1.6. Peptides Used for Binding Studies with A2B and A2D .......................................... 56	  
 
Table 1.7. Binding Affinities of A2D for Methylated Histone H3  
 Peptides by ITC and FQ .................................................................................................. 57	  
 
Table 1.8.  Changes in Chemical Shifts (Δδ ppm) of Ac-RaMe2-G-NH2  
 and Ac-RsMe2-G-NH2 in the Presence of an Excess of A2D  
 relative to the unbound states .......................................................................................... 61	  
 
Table 1.9. Binding Affinities of Various Reader Proteins to  
 Methyl Arg-Containing Peptides ..................................................................................... 64 
 
Table 2.1. Peptides used in FA and ITC binding studies. ..................................................... 147	  
 
Table 2.2. Thermodynamic data obtained for the binding of 
  A2B, A2C, A2E, A2N and A2G to peptides shown in  
 Table 2.1 as measured by ITC ....................................................................................... 151	  
 
xxiii	  
LIST OF SCHEMES 
Scheme 1.1. Indicator displacement assay for monitoring processive  
 enzymatic methylation using CX4/LCG ......................................................................... 32 
 
Scheme 1.2. Synthesis of monomer D. ................................................................................... 84	  
 
Scheme 1.3. Synthesis of monomer H. ................................................................................... 86	  
 
Scheme 1.4. Synthesis of monomer J. ..................................................................................... 89 
 
Scheme 2.1. Synthesis of monomer H. ................................................................................. 171	  
 
Scheme 2.2. Synthesis of monomer J. ................................................................................... 174	  
xxiv	  
LIST OF EQUATIONS 
Equation 1.1. Manipulation of Gibb's free energy equation to determine ΔS°. ...................... 63 
 
Equation 3.1. Equation used to fit fluorescence quenching data 
  to determine Kd in binding experiments. ..................................................................... 242	  
xxv	  
LIST OF ABBREVIATIONS 
14-3-3   Family of Regulatory Proteins 
 
Ac   Acetyl 
 
AcCH   Acetylcholine 
 
Ala, A   Alanine 
 
Arg, R   Arginine 
 
Asn, N   Asparagine 
 
Asp, D   Aspartic acid 
 
Bn   Benzyl 
 
BPTF   Bromodomain PHD Finger Transcription Factor 
 
BRCA1  Breast Cancer Susceptibility Gene 1  
 
BRCT   BRA1 C Terminus 
 
Bu   Butyl 
 
CB6/7   Cucurbit[6/7]uril 
 
CBX7   Chromobox Homolog 1 
 
CDCl3   Chloroform-d3 
 
CHCl3   Chloroform 
 
CHD   Chromodomain helicase DNA-binding protein 
 
CICR   Carboxyindole-containing receptors 
 
Cit   Citruline 
 
CP5A   Pillar[5]arene 
 
CX4   Para-sulfonatocalix[4]arene 
xxvi	  
Cys, C   Cysteine 
 
DC   Dougherty’s Cyclophane 
 
DCC   Dynamic combinatorial chemistry 
 
DCCI   Dicyclohexylcarbodiimide 
 
DCM   Dichloromethane 
 
DIPEA  Diisopropylethyl amine 
 
DOT1   Disruptor of Telomeric Silencing
 
DMF   N,N-dimethylformamide 
 
DMSO   Dimethylsulfoxide 
 
DNA   Deoxyribose Nucleic Acid 
 
DSS   3-(Trimethylsilyl)-1-propanesulfonic acid sodium salt 
 
ELISA   Enzyme-Linked Immunosorbent Assay 
 
ESI   Electrospray ionization 
 
eTud11  Drosophila Melanogaster TUD Protein 
 
EZH2   Enhancer of Zeste 2 Polycomb Repressive Complex 2 Subunit 
 
FA   Fluorescence anisotropy 
 
FAM   5(6)-Carboxyfluorescein 
 
Fmoc   N-9-Fluorenylmethyloxycarbonyl 
 
FQ   Fluorescence quenching 
 
Gln, Q   Glutamine 
 
Glu, E   Glutamic acid 
 
Gly, G   Glycine 
 
H3   Histone 3
xxvii	  
H4   Histone 4 
 
HBTU   O-Benzotriazole-N,N,N’,N’-tetramethyl-uronium-hexafluoro- 
   phosphate 
 
HF/6-31G*  Hartfree-Fock Theory 
 
HMT   Histone methyltransferase 
 
HOBt   Hydroxybenzotriazole 
 
HPLC   High performance liquid chromatography 
 
HP1   Drosophila melanogaster heterochromatin protein-1 
 
IDA   Indicator displacement assay 
 
Ile, I   Isoleucine 
 
ITC   Isothermal titration calorimetry 
 
JMJD   Jumonji domain-containing 
 
Kd   Dissociation constant 
 
KMe   Monomethyllysine 
 
KMe2   Dimethyllysine 
 
KMe3   Trimethyllysine
 
LC/MS  Liquid Chromatography – Mass Spectroscopy 
 
LCG   Luciginen 
 
Leu, L   Leucine 
 
LSD    Lysine-specific demethylase 
 
Lys, K   Lysine 
 
Me, CH3  Methyl 
 
Met, M  Methionine 
 
MS   Mass spectrometry
xxviii	  
MTBD   7-Methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene 
 
NMR   Nuclear magnetic resonance 
 
NOESY  Nuclear Overhauser Effect Spectroscopy 
 
NURF   Nucleosomal Remodeling Factor 
 
PEG   Polyethylene glycol 
 
PADI, PAD  Protein arginine deiminase 
 
PHD   Plant homodomain 
 
Phe, F   Phenylalanine 
 
PIWIL1  Piwi-Like RNA-Mediated Gene Silencing 1 
 
PKMT   Protein lysine methyltransferase 
 
PM3   Parameterized Model #3 
 
PRMT   Protein arginine methyltransferase 
 
Pro, P   Proline 
 
PTM    Posttranslational modification 
 
RaMe2  Asymmetric dimethylarginine 
 
RMe   Monomethylarginine 
 
ROESY  Rotating-Frame Overhauser Effect Spectroscopy  
 
RsMe2   Symmetric dimethylarginine 
 
SAH   S-adenosyl-L-homocysteine 
 
SAM   S-adenosyl-L-methionine 
 
Ser, S   Serine 
 
SET    [Su(var), (suppressor of position effect variegation), E(z) 
(enhancer of zeste), and Trx (trithorax)]  
 
SMN   Human survival motor neuron
xxix	  
SND   Staphylococcal Nuclease Domain 
 
SPF   Splicing Factor 
 
tBNle   Tert-butylnorleucine 
 
TDRD3  Tudor Domain Containing 3 
 
TFA   Trifluoroacetic acid 
 
Thr, T   Threonine 
 
TOCSY  Total Correlated Spectroscopy 
 
Trp, W   Tryptophan 
 
Trt   Trityl 
 
Tyr, Y   Tyrosine 
 
Val, V   Valine 
 
WD40   Trp-Asp Repeat Domain 
1	  
CHAPTER I 
THE IDENTIFICATION OF SMALL MOLECULE RECEPTORS FOR METHYLATED 
ARGININE1  
 
A. Introduction: Background and Significance1 
i. The Nucleosome and Epigenetics 
 DNA is a double-helical polymer that contains the life code for eukaryotes in the 
form of genes.  Comprised of alternating nucleotides, DNA is stored as a duplex held 
together through hydrophobic base pairs connected through complementary hydrogen bonds.  
In addition to the genes that code for RNA, and ultimately proteins, a variety of promoting 
and terminating regions, as well as secondary structures also exist in DNA.  With the burden 
of encoding 20 different amino acids and thousands of proteins, human DNA is composed of 
over 2 billion base pairs.   
In its most compact form, DNA is stored in chromosomes.  The longest chromosome 
contains 223 million base pairs,2 which corresponds to a linear length of 80 µm;3 meanwhile, 
the nuclear radius is under 5 µm.  In order to accommodate DNA in a compact, ordered 
fashion, DNA is packaged by wrapping 146 base pairs around an octet of histone proteins 
(two each of H2A, H2B, H3, and H4) to comprise the nucleosome.4  These histone proteins 
also possess protruding, unstructured, N-terminal tails that aid in enzyme and reader protein 
recruitment, as well as DNA packaging and transcription.5,6  Nucleosomes are further 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  1	  This article previously appeared in the Journal of the American Chemical Society.  The 
original citation is as follows: James, L.I.,* Beaver, J.E.,* Rice, N.W., Waters, M.L., J. 
Am.Chem.Soc. 2013, 135, 6450-6455. 
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condensed into chromatin, which can be stored in its compact inactive form, 
heterochromatin, and wound into chromosomes;5 or stored in its more-loosely packed active 
form, euchromatin, where it is read, processed, and modified for gene transcription (Figure 
1.1).7 
 
Figure 1.1. DNA packaging by the octomeric histone core. DNA is shown as a double helix 
in aquamarine and tan, the four histone subunits are shown in yellow (H2A), red (H2B), blue 
(H3), and green (H4).4 
In order for the approximately 30 thousand genes in human DNA to account for the 
vast diversity of the proteome (over 1 million molecular species of proteins), additional 
diversification steps are taken.  One method of genomic expansion is through mRNA splicing 
and editing,8 though this is beyond the scope of this research.  Another diversification 
process is the posttranslational modification (PTM) of proteins, which involves covalent 
modification of specific amino acids after DNA is transcribed and RNA is translated into 
proteins.  Of the 20 natural proteinogenic amino acids, 15 can be posttranslationally modified 
(Gly, Ala, Leu, Ile, and Phe have not been shown to be posttranslationally modified).9  In 
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addition to the large variety of modifications available, proteins can be modified at more than 
one site.  A few common PTMs include phosphorylation, acylation, methylation (Figure 
1.2),10 and ubiquitination, each of which involve covalent modification of the substrate and 
alter the original function of the amino acid.  It should be noted that far more PTMs exist 
across the proteome and possess a variety of functions in the cell.9   
 
Figure 1.2. A. Common PTMs found on histone tails.10 B. Ser phosphorylation results in the 
formation of a negative charge. C. Arg can be deiminated to form Cit, resulting in a loss of 
positive charge, or methylated up to two times to form RaMe2 or RsMe2. D. Lys can be 
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acetylated and lose its positive charge, or methylated up to three times. Methylation lead to 
increased hydrophobicity. 
Chromatin structure is a critical component of gene transcription, which is a highly 
regulated and precisely controlled process.  The posttranslational modification of the N-
terminal tails of histone proteins, through acetylation, phosphorylation, ubiquitination, and 
lysine (Lys) and arginine (Arg) methylation, is essential for governing chromatin structure 
and gene expression.11  Histone PTMs form a network of modifications, working in concert 
or as isolated occurrences to recruit and activate bromodomains, chromodomains, tudor, 
PHD finger, WD40 repeats, 14-3-3, and BRCT reader proteins.10,12  For example, acetylation 
and phosphorylation directly disrupt the coulombic interactions between the positively 
charged Lys and Arg residues and negatively charged DNA and subsequently recruit 
bromodomain proteins and activate gene transcription.13  Additionally, a variety of histone 
residues can be methylated, either as the mono- (KMe), di- (KMe2), or trimethylated (KMe3) 
species for Lys, or mono- (RMe), symmetric di- (RsMe2), or asymmetric dimethylated 
(RaMe2) species for Arg.  Of the first 36 amino acids in the histone H3 tail, 7 residues, Lys 
4, 9, 27, 36 and Arg 2, 17, 26 can be methylated.9,14  These methylation events modulate 
gene transcription through an effector-mediated model, in which methylation recruits reader 
proteins, which subsequently facilitate downstream events through the stabilization or 
recruitment of chromatin-templated proteins.12  The cellular response to methylations varies 
depending on location and degree of methylation.  For example, methylation of histone H3 
Lysine 4 (H3K4) is associated with activated gene transcription,15 while H3K9 trimethylation 
(H3K9Me3) recruits the HP1 chromodomain and is associated with heterochromatin 
formation and repression of gene transcription.14,16  It is widely accepted that a single 
modification may lead to different downstream events depending on the state of neighboring 
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residues, which significantly adds to the complexity of the histone code.11 
In brief, the dynamic addition and removal of these histone PTMs is critical in the 
regulation of gene transcription.  A complete map of histone PTMs and their function has not 
been established despite a surge of research in exploring and translating the histone code.  A 
variety of techniques is being used to probe the influence of histone PTMs on enzyme 
activity; however, these PTMs are often low in abundance and are difficult to characterize.  
The next section of this chapter provides an overview of Lys and Arg methylation with 
respect to PTMs on histone proteins. 
a. Protein Methylation of Lysine 
Increasing methylation of Lys and Arg is significant from a physical organic 
perspective.  Basic Lys residues decorate histone tails, which form electrostatic, and 
hydrogen bonding interactions with the phosphate backbone of DNA and help to support the 
tight association of negatively charged DNA with the positively charged histone.  While 
methylation of Lys or Arg does not affect the overall charge of the residue, it decreases the 
hydrogen bonding capacity, weakening its solvation,17 and increases hydrophobicity with 
increasing methylation state (Figure 1.2).  Differences in hydrogen bonding capacity and 
hydrophilicity can influence residue solvation and histone tail structure, interactions with 
DNA, and the recruitment of enzymes and reader proteins.9 
N-methylated Lys was first discovered in 195918 and was realized as a modification 
in histones in 196419 resulting from the enzyme-catalyzed reaction with S-adenosyl-L-
methionine (SAM, also referred to as Adomet) and proteins through the transfer of a methyl 
group to produce S-adenosyl-L-homocystein (SAH) and the methylated amino acid20 (Figure 
1.3).  It wasn’t until 1968 with the first observation of trimethyllysine (KMe3) in histone 
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proteins that the full scale of Lys methylation was observed.21  With the additional discovery 
of demethylating enzymes22,23 came the realization that protein methylation may be dynamic.  
With the growing understanding of histone protein function and DNA transcription,24 protein 
methylation, especially of the histone, appeared to have significant biological implications 
and pursuit of its function intensified.25 
 
Figure 1.3. A. General processive Lys methylation from Lys to KMe3 with SAM converting 
to SAH in the presence of an HMT.  B. Methyl group is transferred from SAM to Lys to 
generate SAH.  
Over the next twenty years, slow, but steady progress in the field of protein 
methylation revealed that a variety of amino acids could be methylated and that the 
methylating enzymes showed selectivity and specificity.25  Unfortunately, the microbiology 
and enzymology toolboxes were limited, and few significant advances in understanding the 
biology of protein methylation were made until recently.25 
In conjunction with significant advances in gene sequencing, cloning, and enzyme 
processing, the field of epigenetics has recently boomed.  In the late 1990’s, a vast amount of 
research focused on understanding the biological functions of protein methylation and 
protein methylating ezymes.25  Subsequent reports that Lys and Arg methylation on the 
histone tails contribute to the regulation of gene transcription led to a flood of new research 
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in chromatin regulation.15,26  As a potential modulator of DNA transcription, histone protein 
methylation has received an enormous influx of new research.  As the understanding of the 
biological significance of protein methylation increased, so did the volume of research.  With 
the realization that histone modifications modulate gene transcription, research in the area 
has surged (Figure 1.4), and a variety of biological functions and implications have been 
discovered.27 
 
Figure 1.4. The surge in protein-Lys methylation and protein-Arg methylation publications 
available in the Pubmed and Medline database since 1999. 
Histone lysines can be methylated by a variety of histone methyl transferase enzymes 
(HMTs).  HMTs are often selective for a particular histone tail, usually H3 or H428 and are 
influenced by the neighboring PTMs on the histone.  Except DOT1, these HMTs contain 
specific SET [Su(var), (suppressor of position effect variegation), E(z) (enhancer of zeste), 
and Trx (trithorax)] domain.  The SET domain binds SAM and catalyzes the transfer of the 
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methyl group from the SAM to the Lys (Figure 1.5).  The addition of methyl groups to the ε-
NH2 of Lys is processive, establishing one, two, or three methyl groups on the residue.29  
Recently, computational studies were performed on the catalytic subunit of Polycomb 
Repressive Complex 2, EZH2, which is a protein-lysine methyltransferase and a member of 
the SET domain, which catalyzes the transfer of a methyl group from SAM to H3K27.  
While the nucleophilic transfer of the methyl group could be the rate-limiting step, results 
from this study suggest that deprotonation of the amine of the bound Lys may be at least 
partially rate-limiting.30  Investigation of solvent kinetic isotope effects supported a model in 
which Tyr in the active sites of SET7/9 and EZH2 directly influenced the pKa of the bound 
Lys.  The presence of Tyr in the binding pocket can reduce the pKa of Lys, assisting in 
deprotonation through a bulk solvent water channel.  This bulk water channel is also essential 
for Lys deprotonation in the active site.  While the Lys ε-NH2 is protonated in neutral 
aqueous conditions, the presence of two local positive charges on co-binding SAM also 
reduces the pKa of the amine31.  The bulk water channels form within the enzyme to act as a 
proton shuttle to transfer a proton from protonated Lys to bulk solution (Figure 1.5),31 
producing the nucleophilic, neutral ε-NH2, which can attack the methyl group on SAM to 
form KMe.  Subsequent release of SAH, binding of SAM and reformation of the water 
channel leads to a repeat of the sequence and the production of KMe2, followed by KMe3.31  
Lys-methylation can disrupt the formation of the bulk water channel, and consequently 
abrogate further Lys methylation.30 
Interestingly, point mutations of Tyr residues in the active site of three different 
HMT’s (Set 7, 9, and EZH2) revealed that the number of Tyr residues involved in the 
binding of Lys directly correlates to the number of methyl groups that can be added to Lys by 
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that enzyme.32,33  These computational investigations, along with point mutation analyses 
suggest that the Tyr residues in the Lys binding site contribute directly to the deprotonation 
of Lys through bulk solvent and consequently tightly regulate product specificity for SET 
domain methyltransferase enzymes.30–33 
 
Figure 1.5. A. Snapshot of a water channel formed during 3-ns molecular dynamics 
simulation on SET7/9[Y245F]-Lys-4-NH3+-SAM+ complex with hydrogen bond distances 
<1.85Å.31 B. Overlay of crystal structures of G9a (pdb: 2O8J), an HMT, bound to SAH (pdb: 
2O8J) and H3K9Me2 (pdb: 2RFI), highlighting the importance of Y1067, which stabilizes 
the NMe2 end of KMe2 so the nitrogen lone-pair is facing away from SAH/SAM co-factor, 
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disfavoring the transfer of a third methyl group. The Y1067F mutant loses this restriction and 
can form KMe3.33 Previous work has shown that the F1152Y G9a mutant can only form 
KMe1 of H3K9.32  C. The proposed mechanism of Lys-methylation derived from pH-
dependent solvent kinetic isotope effect investigations.30 
 Methylation of histone H3K4, K36, and K79 is generally related to transcriptional 
activation, while methylation of H3K9, K27, and H4K20 is correlated to gene repression; 
however, the biological implications of methylation are not always consistent.11  
Additionally, degrees of methylation can vary depending on chromatin structure and enzyme 
activation.  For instance, in vivo, histone H3K9 in heterochromatin is methylated by Suv39h1 
and Suv39h2 to KMe3, while it is methylated to either mono- (KMe) or dimethyllysine 
(KMe2) in euchromatin by G9a.34  Interestingly, Suv39h1 is inhibited by H3K4 methylation, 
while G9a is not.35  This highlights one of the many intricacies of histone PTMs. 
Promiscuity in enzyme localization and activity also complicates the histone PTM 
landscape.  While Suv39h1 is generally associated with heterochromatin maintenance, it can 
methylate histone H3K9 and recruit the HP1 chromodomain to repress gene transcription in 
some euchromatin.36  This is the case for other H3K9 methylating enzymes as well.11  
Furthermore, these HMTs can be modified by external transcription-associated 
modulators.  This external modulation can increase the degree of H3K9 methylation from di- 
to trimethylation in order to suppress transcription when dimethylation is inadequate.37  This 
suggests a link between cell signaling from physiological events and PTM-controlled gene 
expression.11 
Recent work has illustrated that histone PTMs communicate with each other in a 
context-dependent manner to influence downstream events.38  Not only can PTMs 
communicate on the same histone protein (in cis), but also between different histone tails (in 
trans), and it is even suggested they may involve other nucleosomes.39  These 
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communications, or crosstalks, further complicate the histone and chromatin landscape and 
have been recently referred to as a histone language, rather than a code because of their 
complexity.38  
One of the most studied crosstalks is between histone H3 asymmetric dimethylated 
Arg 2 (H3R2aMe2) and H3K4Me3.40  Studies have shown that H3R2aMe2 blocks 
trimethylation of H3K4 and that the two are mutually exclusive.41  Contradicting work 
suggests that both modifications can exist simultaneously, albeit for a limited period.38  
Interestingly, in vitro, the existence of both modifications improves binding to some reader 
proteins containing PHD domains, suggesting a synergistic effect between the competing 
modifications.42 
These histone crosstalks are vital to correct gene transcription.  Misinterpretation of 
histone PTMs and their crosstalk can lead to aberrant methylation, acetylation, and 
phosphorylation of histone tails, and these uncontrolled modifications may lead to various 
diseases, including cancer.38,43–46  As research into the mechanisms governing gene 
transcription has continued, a variety of novel crosstalk interactions on histone PTMs have 
been observed.  Figure 1.6 portrays a simplified view a few crosstalk interactions that have 
been characterized.47 
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Figure 1.6. Examples of cis- and trans-histone crosstalk between PTMs.  Positive influence 
on one PTM over another is shown by an arrow while negative influence on a PTM is shown 
by a dish line.47 
Unlike phosphorylation or even acetylation, N-methylation forms a strong N-C bond, 
which was, until recently, thought to be irreversible.  In recent years, the discovery of Lys 
demethylation enzymes has led to the realization that Lys methyl groups can be removed, 
reversing Lys methylation, and signifying that Lys methylation could be a dynamic process.  
Jumonji domain-containing (JMJD) enzymes and lysine-specific demethylase enzymes 
(LSD) demethylate Arg and Lys and play important roles in gene transcription;48 however, 
some ambiguity in experimental design leads to questions of whether an Arg demethylase 
enzyme really exists.49  Additionally, while methylation of H3K9 by Suv39h1 is associated 
with gene repression, JMJD2 demethylates H3K9Me3 or H3K36Me3 to form the dimethyl 
species, which is less likely to repress transcription.50   
With the significant influence of Lys methylation on histone interactions with DNA, 
reader proteins, and enzyme activity, it is clear that the dynamic process of histone Lys 
methylation plays an important role in controlling gene expression.  Because the process is 
affected by neighboring and even cross-histone PTMs, elucidating the histone language has 
been the subject of a broad array of rapidly-increasingly research efforts.  Understanding how 
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distinct modifications affect biological responses has been the focus of many research groups 
and is part of the long-term goal of the research described herein. 
b. Protein-methylation - Arginine 
Like protein-Lys methylation, protein-Arg methylation is a common PTM, which has 
received widespread attention in recent years.  It is involved in the regulation of gene 
transcription, RNA processing, signal transduction, DNA repair, and histone crosstalk.25,48  
Arg can be methylated up to two times to form either mono- (RMe), symmetric di- (RsMe2), 
or asymmetric dimethylarginine (RaMe2) (Figure 1.7).  Arg is methylated by a class of 
protein arginine methyltransferases (PRMTs), which can produce either RaMe2 (PRMTs 1, 
2, 3, 4, 6 and 8) or RsMe2 (PRMTs 5 and 7).38  Similar to methyl-Lys, the methyl group is 
donated from SAM in a processive enzymatic process, producing SAH and methylated Arg 
(Figure 1.7).51,52 
14	  
 
Figure 1.7. A. Active site residues of PRMT1 with proposed mechanism of methylation of 
Arg.52 Three conserved active site residues, R54, E144, and E153. R54 and E144 position the 
nitrogen of Arg to attack the SAM CH3. E153 helps position the guanidinium and initiates 
electron rearrangement to improve guanidinium nucleophilicity. Transfer of the CH3 to Arg 
generates a dication, which is depronated to RMe.  This can be repeated to form RaMe2. B. 
All PRMTs generate RMe, PRMT’s 1-4,6,8 methylate to RaMe2, PRMT’s 5 & 7 methylate 
to RsMe2.  Arg can be deiminated to form Cit, resulting in a loss of positive charge. 
 Similar to Lys methylation, the methylation of Arg does not affect the overall charge 
of the residue; however, the addition of methyl groups increases the steric bulk and 
hydrophobicity of the guanidinium, which could promote or inhibit a variety of non-covalent 
intermolecular interactions.  Methylated Arg has fewer hydrogen-bond donating sites, which 
15	  
could disrupt enzyme and protein recruiting pathways as well as hydrogen bonding 
interactions with DNA.  Additionally, the methyl groups possess a δ+ charge, making good 
contacts for CH (δ+)-π and cation-π interactions in aromatic protein binding pockets.11  As 
such, each of the four known crystal or NMR structures of Tudor domains bound to RsMe2 
or RaMe2 bind the methylated guanidinium in an aromatic pocket of a Tudor domain with 
affinities ranging from 5 µM to > 200 µM.53–55  The binding selectivity occurs via a 
combination of CH-π interactions with the CH3 (δ+) groups, cation-π and π-π stacking of the 
guanidinium group with two aromatic rings, NH-π interactions, and hydrogen bonds (Figure 
1.8).56–58   
 
Figure 1.8. A. Crystal structure of the SND1 extended Tudor domain bound to RsMe2 
(cyan) of PIWIL1 (pdb: 3OMG). B. NMR structure of the SMN Tudor domain bound to the 
RaMe2 (orange) (pdb: 4A4G). 
 Histone Arg methylation is associated with both hetero- and euchromatin and its role 
is specific to its location on the histone tail, neighboring residues, and degree and type of 
methylation.38  For instance, H3R2aMe2 is associated with the repression of gene 
transcription,41 while both H3R2sMe2 and H3R2Me have been associated with transcription 
activation.59,60  In addition to methylation, Arg can be deiminated to form citrulline (Cit) by 
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protein arginine deiminase enzymes (PADs or PADIs) (Figure 1.7).61  Because no enzyme 
that can convert Cit back to Arg has been discovered, it is believed that PADI enzymes block 
Arg methylation, via citrullination.  Additionally, it has been suggested that PADI4 can 
deiminate H3R17aMe2;62 however, PADI deimination of methyl-Arg’s is only weakly 
supported in the literature.51 
 Histone Arg methylation contributes to a variety of downstream events and is likely 
involved in the recruitment of additional histone modifications. Crosstalk between Arg and 
Lys methylation is well-documented,63 including Arg/Lys pairs of H3R2/H3K4, 
H3R8/H3K9, and H3R26/H3K27, where both residues can be methylated.51  In one example, 
the presence of H3R2aMe2 inhibits the methylation of H3K4 by the MLL1 complex.64 
Because methylation of H3K4 regulates the recruitment of transcription activators containing 
Tudor, PHD, WD40, and Chromodomains, it is directly involved in promoting gene 
transcription. Thus, by preventing H3K4 methylation, PRMT6-mediated methylation of 
H3R2 to H3R2aMe2 represses gene transcription.51 
 It is clear that Arg methylation is involved in the complex histone crosstalk network 
essential for chromatin remodeling in the histone code and transcriptional regulation; 
however, a complete understanding of the biological influences of Arg methylation has yet to 
be achieved.  The N-terminal tails of histones can interact with a variety of substrates.  
Methylation of Arg could disrupt activator protein binding or intra- or internucleosomal 
interactions to either repress or maintain gene expression, or it could improve binding to 
proteins that activate or deactivate transcription.11  Regardless, understanding Arg 
methylation and its influence on transcription and neighboring PTMs is essential as we 
continue to pursue histone PTM crosstalk and its biological implications.  
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With documented contributions to transcriptional regulation, protein arginine 
methylation has gained considerable traction in chromatin biology and disease research in 
recent years (Figure 1.4).  The dysregulation of arginine methylation has been linked to a 
variety of diseases and is being studied in the context of breast, prostate, colon, bladder, and 
lung cancers,43 as well as leukemia, cardiovascular diseases, HIV, multiple sclerosis, and 
spinal muscular atrophy.65  A comprehensive understanding of the significance of Arg 
methylation is paramount to the development of inhibitors and therapeutics for these 
diseases. 
ii. Techniques for studying PTMs 
a. Antibodies and Mass Spectrometry 
A variety of techniques is being used to study Lys and Arg methylation to elucidate 
the mechanisms through which methylated amino acids interact with other proteins, 
enzymes, and PTMs.  Antibodies are the most common tools used in chromatin research.  
Unfortunately, antibodies are not only expensive and time-consuming to purchase,66 they 
also have a variety of problems associated with their use in PTM discovery and in studying 
PTM-protein interactions.  Polyclonal antibodies, produced in batches, often suffer from 
batch-to-batch irreproducibility.  Additionally, many antibodies have been shown to lack 
specificity for their intended target and can recognize off-target proteins and PTMS.66  While 
most research groups are equipped to validate each batch of antibody before use, complicated 
scenarios, such as adjacent PTMs can thwart even the most current validation techniques.67,68  
Methylated Lys antibodies have even been shown to be unable to distinguish between 
varying methylation states of Lys, and also shown to be unable to identify the correct PTM 
within the peptide sequence.67,68 
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Despite challenges associated with antibodies, they remain the standard for studying 
histone PTMs.  A variety of novel approaches to discovering PTMs and their interactions 
have been developed in recent years.10  In one example, large, combinatorial PTM-containing 
peptide libraries, with up to 5,000 members, were built on beads.69  This technique 
successfully identified novel PTM interactions with H3K4 methyl binding proteins, namely 
that phosphorylation of Thr6 modulates the ability of chromatin reading proteins to bind to 
the histone H3 tail. Unfortunately, the large libraries require intensive screening.10  
Additionally, peptide-based microarrays offer rapid and precise screening of a biotinylated 
peptide libraries, but require the use of antibodies10, although they have seen considerable 
success in recent years.70–73 
 One of the most effective methods of PTM screening is mass spectrometry (MS).  MS 
can be used to identify new PTMs on histones, can identify low-abundance PTMs, and can 
even identify when PTMs occur on the same protein.74  Unfortunately, MS is a specialized 
field that is both time-consuming and expensive.  Additionally, it is complicated by low 
abundance of the PTMs of interest and requires enrichment methods, which typically rely on 
antibodies. 
 Synthetic alternatives to antibodies are also being pursued in the development of 
novel tools for studying histone PTMs.  One impressive example involved the evolution of a 
DNA aptamer that bound selectively to H4K16Ac (acetylated H4K16) over the native 
sequence.  The aptamer bound H4K16Ac as tightly as the commercially available antibody, 
but showed more than 2000-fold selectivity over the non-acetylated sequence, whereas the 
antibody showed 15-fold selectivity.75  However, antibodies are inherently highly negatively 
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charged, and would be expected to exhibit strong nonspecific electrostatic interactions in the 
presence of the highly basic histone proteins. 
b. Small Molecule Receptors  
b.1. Receptors for KMe3 and the cation-π interaction 
In addition to biological molecules, small molecule synthetic receptors for histone 
PTMs have recently received attention as potential tools in sensing PTMs.  Small molecule 
receptors are promising because of their general ease of synthesis using conventional organic 
chemistry, batch-to-batch reproducibility, lower molecular weight, and reduced cost of 
production.  Small molecule receptors can be useful in affinity chromatography for the 
purification and enrichment of PTM-containing histone proteins, or in microarrays with 
fluorescent dyes or antibody substrates appended to their exterior.   
Small molecule receptors for quaternary ammoniums have been studied extensively.  
In the late 1980’s, Dougherty generated a class of water-soluble, aromatic macrocycles called 
cyclophanes with the intention of exploring and probing cation-π interactions.76  Early 
computational gas phase studies revealed that Na+ (ΔH° = -28 kcal/mol) and Li+ (ΔH° = -38 
kcal/mol) bind tightly to benzene and even NH4+ and Me4N+ bind well with benzene in the 
gas phase.77  In an effort to translate these gas phase affinities to solution-based affinities, 
Dougherty generated a series of well-defined synthetic binding pockets.  Dougherty studied 
binding of these macrocycles to numerous cationic, neutral, hydrophobic, and hydrophilic 
guests in order to systematically explore the effects of cation-π interactions on binding in 
water and organic solvents (Figure 1.9).76,78–80  Simultaneously, Wilcox and Cowart also 
established a Koga macrocycle, which is a Tröger’s base-derived receptor for studying 
cation-π and hydrophobic binding interactions in water and organic solvents.81  
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Figure 1.9. A. Dougherty’s cyclophane (DC1) used to study intermolecular cation-π and 
hydrophobic interactions in water. B. Guests G1-G9 used for comparisons of binding affinity 
between neutral, nearly isostructural cationic species.76,78–80 C. Guests G10, which was used 
to show that DC1 prefers to bind to the quaternary ammonium rather than the more 
hydrophobic tert-butyl group in water, and AcCH, a small neurotransmitter bound by DC1, 
which lead to the revelation that proteins may recognize quaternary ammoniums through 
cation-π interactions rather than electrostatic interactions.80 
Table 1.1. Binding affinities of guests bound to DC179 
Guest -ΔG° (kcal/mol) Kd (µM) 
G1 4.2 770 
G2 4.5 460 
G3 5.4 100 
G4 6.3 21 
G5 5.5 84 
G6 6.2 25 
G7 6.4 18 
G8 7.6 2.3 
G9 7.2 4.6 
 
Binding studies using Dougherty’s cyclophane (DC1) provided exceptional evidence 
for the influence of cation-π interactions.  Dougherty proposed that tight binding of cationic 
guests could be attributed to an ion-dipole effect, which is effectively described as the 
positive charge of the guest being solvated by the electron-rich interior of the aromatic 
hosts.82  The rigid ethenoanthracene core prohibits interaction of the carboxylates with 
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cationic guests inside the binding pocket, which further supports the cation-π interaction.  By 
comparing binding affinities for nearly isostructural guests, Dougherty illustrates the 
importance of cation-π interactions.79  Binding of guests G1 through G4 (Figure 1.9, Table 
1.1) is mainly driven by the hydrophobic effect.  These guests exhibit binding affinities that 
fit their trend in water solubility (more water soluble guests bind more weakly).  Likewise, 
guests G5 through G7 are also bound through hydrophobic interactions; however, the 
cationic guests G8 and G9 bind more than an order of magnitude more tightly than their 
neutral isostructural compounds.  A clear example of this is direct comparison of binding 
affinities for guests G5 and G9, which vary only in position of the amine, which is shown to 
have a small effect on affinity (guests G5-G7), and the charge of the compound.  Guest G5 
has a Kd of 84 µM, while guest G9 is bound with a Kd of 4.6 µM; thus, the additional cation-
π interactions provide -1.7 kcal/mole in favorable binding energy.  Additional NMR binding 
studies revealed that DC1 binds preferentially to the cationic ammonium group of G10 in 
water over the hydrophobic tert-butyl group, despite the ammonium being better solvated in 
water.  If hydrophobicity were the major driving force for binding, the more hydrophobic 
tert-butyl group would be bound more tightly than the quaternary ammonium, however, this 
is not the case.  Therefore, it is the cation-π interaction that drives recognition of cationic 
guests by cyclophanes, and hydrophobicity only moderately influences binding affinity.  This 
revelation led to the discovery of the affinity of DC1 for acetylcholine (AcCH), a small 
neurotransmitter, which contains a trimethylammonium group.  At the time AcCH binding 
was thought to be driven by electrostatic interactions with a conserved negative charge 
within a binding pocket.  With the realization that many proteins possess aromatic binding 
pockets, Dougherty correctly predicted that aromatic cage-like binding pockets act as the 
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sites of molecular recognition in proteins through a combination of cation-π interactions.80  
Interestingly, placement of a carboxylate in close proximity to the bound quaternary 
ammonium has little effect on affinity, which can likely be attributed to the diffuse nature of 
the cationic charge in quaternary ammoniums.83 
Recognition of tertiary and quaternary ammoniums on the histone tail by reader 
proteins occurs exclusively via interaction of the cationic ammonium with a group (2-4) of 
aromatic residues that form a cage-like motif as a binding pocket.12  In one example, crystal84 
and NMR85 structures reveal that heterochromatin protein-1 (HP1) binds H3K9Me3 (Kd = 
2.5 µM) and H3K9Me2 (Kd = 7.0 µM) via cation-π interactions86 with an aromatic cage-like 
structure (containing two Tyr and  one Trp) confined in a small surface depression at the end 
of a β-barrel12 (Figure 1.10).84,87  Additionally, a water-mediated hydrogen bond to Glu also 
contributes to the tight binding of KMe2; however, mutation to Gln does not affect HP1 
binding affinity to KMe3, thus the negatively charged Glu does not contribute to KMe3 
binding.88  In 2006, our group further supported Dougherty’s notion that the cationic 
component of KMe3 is essential for binding in the aromatic pocket.87  Using a β-hairpin as a 
scaffold for measuring cross-strand interactions via extent of peptide folding, the group 
illustrated that cross-strand interactions between Trp and KMe3 were significantly stronger 
than isostructural cross-strand interactions between Trp and tert-butylnorleucine (tBuNle) or 
Lys (Figure 1.10).  Additional binding studies with the HP1 chromodomain and H3 peptides 
containing either KMe3 or tBuNle showed that HP1 is 30-fold selective for KMe3 over the 
tert-butyl analog.87  This study further supports the hypothesis that the hydrophobic effect is 
merely complementary to the cation-π interaction in binding KMe3.  While the additional 
contacts that are made along the H3 tail deliver sequence selectivity, these reader proteins 
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discriminate between different methylation states of Lys exclusively via this aromatic cage, 
binding site hot spot.89 
 
Figure 1.10. A. Structure of the histone 3A HP1 chromodomain interaction.84 A. Crystal 
structure of the HP1 chromodomain (yellow surface) in complex with histone H3K9Me3 
with tail residues 5 through 10 (gray stick). B. Aromatic cage (green) formed by two Tyr and 
one Trp captures either KMe2 (yellow) or KMe3 (red). The water-mediated hydrogen bond 
between KMe2 and E52 is shown in dashed lines (black). C. The β-Hairpin model system 
used to interrogate cross-strand cation-π and hydrophobic interactions in water.87 
Inspiration for small molecule receptor design has been taken extensively from the 
biomolecular interactions between proteins and their complementary binding sites.  In 
particular, the aromatic cages of proteins have been especially useful in the development of 
our understanding of molecular recognition.  A plethora of work has illustrated that aromatic 
binding pockets and small molecules containing aromatic residues are able to bind selectively 
to cationic, quaternary ammoniums in water through cation-π and hydrophobic interactions. 
With the development of small molecule receptors that bind selectively to a quaternary 
ammonium of interest, the cation-π interaction has been established as one of the most 
versatile and important interactions in achieving selective binding of methylated Lys 
residues.  
Proteins garner selectivity between different methylation states of Lys through subtle 
changes in structure of their aromatic binding pockets;90 therefore, small molecule receptors 
24	  
that selectively bind a particular methylated Lys could be achieved through careful tuning of 
hydrophobic, aromatic, cation-π, and hydrogen bonding interactions.   
With the prospect of developing novel assays for studying enzymes and protein 
interactions, a variety of small molecule receptors for trimethyllysine91–99 and methylated 
Arg1,83,93,97,100,101 have been synthesized and characterized recently (Figure 1.11, Figure 1.13, 
Figure 1.14, Figure 1.15, and Figure 1.16).  Numerous small molecule receptors for 
methylated Lys that capitalize on cation-π interactions with the Lys have been explored in 
recent years.   
The Hof group has recently put forth an extensive effort to manually synthesize, 
screen, and develop receptors for methylated Lys.  In two recent examples, the group focused 
on building receptors with indole derivatives (Figure 1.11), such as Trp, the most electron-
rich aromatic amino acid, which has been shown to make strong contacts with quaternary 
ammoniums.77  The first receptor consisted of dipeptides in which the group systematically 
incorporated 1-benzyltryptophan into Trp-Trp dipeptides to engineer novel aromatic cage 
motifs for improved binding to AcCH in water.101  Interestingly, while these dipeptides 
displayed weak affinities for AcCH (best binder Kd = 71 mM in water), the benzyl-
containing peptide Trp(Bn)-Trp(Bn) showed improved affinity for AcCH in water, while 
the Trp-Trp dipeptide had higher affinity for AcCH in CDCl3.  While computational 
modeling underestimates the driving forces from the hydrophobic effect and overestimates 
electrostatic interactions, modeling was performed to estimate bond angles and possible 
geometries of Trp(Bn)-Trp(Bn).  Modeling revealed that binding likely occurs between both 
Trp(Bn) groups requiring an entropically unfavorable reorganization of the peptide.  The 
weak binding affinity for AcCH is likely attributed to the lack of a preorganized binding 
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pocket provided by rigid structures observed in tighter binding receptors.91,92  
This led to an additional study of inherently flexible carboxyindole-containing 
receptors (CICR)93 in which three indole arms are connected through a benzene core (Figure 
1.11).  1H NMR, 1D ROESY NMR, and computational modeling suggest that the aromatic 
rings of these compounds compress into each other to minimize contact with water and 
maximize favorable van der Waals interactions in solution.  Once again, these flexible 
receptors bind weakly to alkyl ammoniums (mostly millimolar binders with one Kd of 140 
µM).  Interestingly, binding is driven primarily by the hydrophobic effect, rather than strong 
cation-π interactions, which was demonstrated by the CICR ability to bind Bu4N+ in water 
but not in CDCl3.  The systematic screen of carboxylate positioning also illustrated the 
importance of well-placed electrostatic interactions in water, with improvement in receptor 
affinity by moving the carboxylate to a neighboring position on the indole ring.  Hof points 
out that the group could not have predicted that the charge positioning could significantly 
affect binding affinity and calls for careful modeling and engineering of new receptors.  
Small modifications such as an additional methylene or charge neutralization can 
significantly affect binding affinity and selectivity. 
 
 
Figure 1.11. A. Trp(Bn)-Trp(Bn) dipeptide synthesized specifically to recognize 
methylated ammoniums in water.101 B. Representative binding structures of Trp(Bn)-
Trp(Bn) binding to Me4N+ from Monte Carlo conformation searches at the PM3 level of 
theory.101  C. CICR, the benzene-indole molecule synthesized for improved Me4N+ 
binding.93 D. Energy minimization in implicit water (HF/6-31G* as implemented in Spartan 
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’10) suggest that the three indole rings are collapsed into a closed, propeller-like aromatic 
cluster.93 E. Equilibrium geometry of CICR in implicit water while binding to Me4N+. 
In another effort to synthesize small molecule receptors for recognition of the 
methylation states of Lys, Hof and coworkers focused on sulfonated calix[n]arenes.  
Calix[n]arenes (where n = 4, 6 and 8 primarily) are macrocycles with n phenol units.  
Calix[n]arenes feature a hydrophobic interior and hydrophilic upper and lower rims (Figure 
1.12).102  Because the rims typically differ in reactivity and functional groups, the rims can be 
decorated orthogonally to each other to provide diverse sets of macrocyclic libraries with a 
wide range of biologically pertinent functions.  
 
Figure 1.12. Side representation of calix[4]arene highlighting the upper and lower rims, both 
of which contain phenols, but possess different reactivities, enabling orthogonal 
derivatization of the rims. 
As aromatic, amphiphilic macrocycles, calix[n]arenes serve as a viable scaffold for 
host-guest chemistry and protein interactions.  Sulfonated calix[n]arenes are particularly 
useful in molecular recognition in water because the sulfonated rim of the macrocycle 
provides excellent water solubility and electrostatic interactions with cationic guests.  Not 
surprisingly, para-sulfonatocalix[4]arene (CX4) (Figure 1.13) binds to Lys and Arg through 
a combination of electrostatic, hydrophobic and cation-π interactions with the sulfonate 
groups and the aromatic interior.103  CX4 also binds Arg- and Lys-containing di- and 
tripeptides with good affinity (Kd = 25 µM for Arg-Lys dipeptide).104 
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Figure 1.13. Side view of para-sulfonatocalix[4]arene (CX4) which is water soluble and 
binds well to methylated Lys as well as the unmethylated amino acids Arg and Lys.91,103–105 
Additionally, because calix[n]arenes can be modified with a wide range of 
functionalities, including peptides, and are stable enough for use in in vitro and in vivo 
biological assays, they have been used extensively for novel biotechnology techniques and 
therapeutics.  By conjugating different substrates to either the phenol or para-substituted rim, 
calix[n]arenes have been used in antibacterial and anticancer treatment, enzyme and ion 
channel inhibition, and even in ELISA-based detection assays as “capture antibodies” and as 
visualization agents in Western Blots.102 
Hof chose to study CX4 and its ability to bind to methylated Lys and Arg 
derivatives.91  CX4 binds Lys (Kd = 2 mM) and Arg (Kd = 3 mM) amino acids weakly in 
water; however, affinity is increased with increasing methylation (Table 1.2).  Binding was 
measured by isothermal titration calorimetry (ITC), which provides thermodynamic 
contributions to binding.  Binding to each of the guests was enthalpically driven, and the 
enthalpic contribution to binding increased with increasing degrees of methylation.  Not 
surprisingly, by eliminating the positive charge of Lys via acetylation (KAc), binding is 
nearly completely abolished.   
CX4 binds KMe3 as an amino acid (Kd = 30 µM) with 60-fold selectivity over the 
unmethylated Lys amino acid (Kd = 1900 µM), likely due to a change in binding mode, 
which was revealed by differences in proton chemical shifts along the side chains of Lys and 
KMe3 in 1H NMR when bound by CX4.  While bound, Lys showed significant upfield 
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shifting of the β, γ, δ and ε methylene carbon protons, but KMe3 showed significant upfield 
shifting of the N-CH3 and ε protons, but no shifting of the β and γ protons.  This is consistent 
with crystal structures that depict Lys binding through a side-on approach.  The entire Lys 
amino acid spans the sulfonated rim of CX4 and binds through a combination of electrostatic 
interactions between the N-terminal and side chain ammonium ions and the sulfonates, and 
hydrophobic interactions with the Lys side chain and hydrophobic interior of the 
macrocycle.105  Conversely, 1H NMR shows that KMe3 binds with the alkylammonium 
buried deep within the aromatic pocket.  Interestingly, affinity is increased 10-fold in the 
context of a histone H3 peptide, Ac-RKST-NH2 for unmethylated Lys and 3-fold for the 
KMe3-containing peptide.  This increase in binding and decrease in selectivity can be 
attributed to additional non-specific electrostatic interactions provided by the neighboring 
Arg in the peptide sequence and a potential disruption of the binding modes of the free amino 
acids. 
CX4 binding of the KMe3 amino acid is only 3-fold selective over the KMe2 amino 
acid (Kd = 95 µM), which is similar to the selectivity displayed by the HP1 chromodomain.86  
This selectivity likely arises from KMe2 only making two CH3 (δ+)-π contacts as opposed to 
three contacts in KMe3.  Additional selectivity could arise from the increased cost of 
desolvation required to bind KMe2, which is a good hydrogen bond donor at pH 7.4, in a 
hydrophobic pocket.   
Binding to Arg was considerably weaker overall.  This is probably due to multiple 
effects, including the increased cost of desolvation of the guanidinium.  Nonetheless, CX4 
does bind RaMe2 and RsMe2 with 3- to 5-fold selectivity over the unmethylated Arg.  
Additional CH3 (δ+)-π interactions afforded by RaMe2 likely govern this selectivity. 
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Table 1.2. Affinities of CX4 for the Methylation States of Lys and Arg in Water.91 
Guest -ΔG° (kcal/mol) Kd (µM) 
Lys 3.7 1900 
KMe1 4.7 330 
KMe2 5.5 95 
KMe3 6.2 30 
KAc 1.5 83000 
Arg 3.4 3000 
RMe 3.9 1300 
RaMe2 4.2 770 
RsMe2 4.1 910 
Ac-RKST-NH2 5.1 180 
Ac-RKMe3ST-NH2 6.8 10 
 
 In order to improve binding to KMe3, Hof and coworkers synthesized a novel 
trisulfonated calix[4]arene functionalized with an additional phenyl ring to establish a deeper 
hydrophobic and aromatic pocket capable of more interactions with the KMe3 side chain 
(Figure 1.14).95  Interestingly, out of the 10 new derivatives synthesized, including 
sulfonamide and phenyl derivatives, only one phenyl derivative exhibited better binding to 
KMe3.  The other new receptors possessed weaker affinity than the original CX4.  The only 
receptor with improved binding was CX4-11, which benefited from direct contact with the 
KMe3 side chain, as demonstrated by upfield shifting of the α-carbon protons of KMe3 when 
bound.  Despite the additional cation-π and hydrophobic contacts, CX4-11 bound KMe3 as 
the amino acid with only 2-fold improved affinity (Kd = 13 µM).  
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Figure 1.14. A. Derivatization of CX4 to generate receptors with improved binding of 
KMe3.95 B. CX4-11, the only receptor from the derivatization studies that binds KMe3 more 
tightly than CX4 in water due to additional cation-π and hydrophobic interactions.95 
A variety of small molecule receptors for KMe3 has been synthesized in recent years.  
In addition to calix[4]arenes and Trp(Bn) peptides, pillar[5]arenes,96 cucurbit[6/7]urils,97 and 
mercaptophanes92 (discussed in detail below) have been shown to bind to KMe3 with 
selectivity over the lower methylation states of Lys (Figure 1.15) and in some cases bind 
KMe3 with affinity and selectivity comparable to native reader proteins under mild salt 
conditions (10 to 40 mM buffer).  In each of the receptors, binding of KMe3 is driven by 
cation-π and hydrophobic interactions with the N-Me3 group and the hydrocarbon side chain.  
Selectivity for KMe3 over unmethylated Lys is driven by a combination of favorable cation-
π and hydrophobic interactions with KMe3 and the high cost of desolvation of unmethylated 
Lys in water.  Lys is a good hydrogen bond donating group and is well solvated in water.  
This elicits a large cost of desolvation in order to bind in a hydrophobic pocket.  
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Figure 1.15. Additional synthetic small molecule receptors that bind to KMe3: Pillar[5]arene 
(CP5A),96 a mercaptophane A2B discovered using dynamic combinatorial chemistry,92 and 
the cucurbit[6]uril (CB6),97 and cucurbit[7]uril (CB7) which binds to RsMe2.97 
 While receptors for the different methylation states of Lys and Arg with affinity and 
selectivity comparable to native proteins under biological conditions (37 °C, pH 7.4, 140 mM 
salt) have yet to be realized, initial work has shown that these receptors can be used to study 
biological processes in vitro.  In one ambitious example, Nau and coworkers use CX4 in 
conjunction with a solvatochromatic dye, lucigenin (LCG), for the real-time visualization of 
enzymatic trimethylation of an H3K9 peptide by Dim-5 (Scheme 1.1).106  The system used an 
indicator displacement assay (IDA)107 to produce a turn-on fluorescence signal upon the 
formation of trimethyllysine.  In the IDA, CX4 binds reversibly to LCG with low 
micromolar affinity, quenching the dye when bound.  Upon introduction of a competitive 
analyte (in this example, CX4 binds preferentially to KMe3), LCG is displaced, reinstating 
fluorescence and producing a fluorescent response to KMe3 introduction.  Because CX4 
binds unmethylated Lys weakly, the dye is encapsulated and quenched in the presence of 
Lys.  This is advantageous for a direct-response turn-on assay in which the methylation of 
Lys to KMe3 can be monitored by fluorescent response from the IDA (Scheme 1.1).106  
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Scheme 1.1. A. Chemical structures of CX4 and LCG as the fluorescence response unit for 
monitoring methylation of the histone H3 peptide by Dim-5. B. Indicator displacement assay 
equilibria for monitoring processive methylation of the H3 tail (Me-RKSTG) using the 
supramolecular host-guest CX4/LCG reporter pair.  The target Lys of the enzyme is shown in 
boldface.106 
In a similar example, Hof and coworkers used CX4-11 and its derivatives in an 
indicator displacement assay to highlight the disruption of CBX7, a native reader protein, 
binding to KMe3.98   Recently, using similar calix[4]arene derivatives, Hof and coworkers 
were able to inhibit the CHD4 PHD2 binding to H3K9Me3.108  While these assays are finely 
tuned for the system and conditions they use, indicator displacement assays hold promise for 
future biological uses, such as observing the effects of neighboring PTMs on enzyme 
kinetics.  
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b.2. Receptors for Arg and methylated Arg 
In order to design and synthesize small molecule receptors for methylated Arg, it is 
important to understand the physical organic properties that drive binding to the methylated 
guanidinium in water.  While much of the recent work in the synthesis and development of 
small molecule receptors for PTMs has focused on KMe3, only a few methylated Arg 
receptors have been characterized.  In recent years a variety of methyl-Arg binding proteins 
have been crystalized or structurally solved by NMR to reveal the structural features of their 
Arg binding pockets.  Other efforts have studied Arg binding interactions in model systems 
through a physical organic perspective.  This next section will present a brief overview of a 
few of the advances that have been made in methyl-Arg binding in the past 25 years.   
Aside from CX4 and other calix[n]arenes, which are weak binders of Arg derivatives 
(Kd ~ 0.8 – 3.0 mM) the first receptor for guanidinium-containing compounds was a 
derivative of Dougherty’s cyclophane.83  Dougherty’s cyclophane (DC1) does not bind 
RNH3+ or guanidinium ions well due to the greater cost of desolvation of these well-hydrated 
cations in water. In order to introduce a charge-pairing effect within the hydrophobic 
macrocycle, carboxylates were installed on the benzene rings of Dougherty’s cyclophane 
(Figure 1.16).  
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Figure 1.16. A. Modification of DC1 with additional aryl carboxylates to form electrostatic 
and hydrogen bonding interactions with guests in water.83 B. Guests studied for binding to 
DC1, DC2, and DC3. Binding affinities are listed in Table 1.3.83 
Interestingly, derivatives DC2 and DC3 provided enhanced binding to multiple 
compounds containing cationic guanidinium moieties such as guest G11, but did not improve 
binding to the adamantyltrimethylammonium G14 in water (Figure 1.16, Table 1.3).  Upon 
addition of 10% acetonitrile, a significant difference in binding affinity for G14 is observed.  
DC2 binds G14 with an additional 0.5 kcal/mol in binding energy, which can be attributed to 
an ion pair interaction.  DC2 and DC3 bind to guanidinium-containing guests and the flat 
guests G15-G17 more tightly than DC1.  Interestingly, G16 only exhibits a 0.7 kcal/mol 
increase in binding energy for DC3 relative to DC1, despite having two trimethylammonium 
groups capable of electrostatic interactions with the carboxylates of DC3.  These binding 
measurements illustrated the importance of cavity size and shape, and that the formation of 
favorable electrostatic interactions with guests is highly dependent on optimal location of 
both guest and charge. 
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Table 1.3. Binding affinities of Dougherty’s DC1, DC2, and DC3 for various ammonium 
and guanidinium guests in water.83 
Guest 
  -ΔG° (kcal/mol) [Kd (µM)] 
DC1 DC2 DC3 
G9 7.2 [4.6] 7.8 [1.7] 9.0 [0.21] 
G11 5.0 [200] 5.6 [71] 6.0 [36] 
G14 6.7 [11] 6.6 [13] 6.1 [30] 
G15 6.4 [18] 6.7 [11] 7.6 [2.3] 
G16 5.9 [43] 6.2 [25] 6.6 [13] 
G17 5.0 [200] 5.3[120] 6.1[30] 
 
A more impressive result from this study was the improvement of binding to guests 
G11 and G17, which are not fully quaternized and therefore better solvated than their 
quaternary counterparts.  Subsequent binding studies of Arg-containing peptides, a well-
solvated cation, revealed that DC3 could bind Arg with additional interactions with an N-
terminal ammonium.  Not surprisingly, interaction with the N-terminal ammonium was 
distance-dependent, suggesting that the electrostatic interactions between the ammonium and 
carboxylates of DC3 require precise positioning of both groups, and are likely not caused by 
a global electrostatic interaction.  Interestingly, Arg is bound more tightly by DC3 than Lys 
by 1.0 kcal/mol.  The increased affinity for Arg is likely from improved cation-π interactions 
relative to Lys.  Arg is well suited for cation-π and π-π stacking interactions with its 
delocalized π system and flat surface in addition to its relative hydrophobicity along its π-
surface.109 
 While physical organic studies of small molecule receptors for methylated Arg are 
limited, the structures of a variety of protein Tudor domains, in complex with methylated Arg 
have been solved.110  In order to induce selective binding of methylated Arg over KMe3, 
structural studies suggest that the aromatic binding pockets in proteins that bind to 
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methylated Arg is narrower than typical KMe3 binders.54,110  This contributes to the 
improved π-π stacking with the guanidinium and prevents KMe3 from entering the pocket 
via steric interactions.  One example of this is TDRD3, which contains a C-terminal Tudor 
domain equipped with an aromatic binding pocket, consisting of three Tyr and one Phe 
(Figure 1.17) and binds RaMe2 preferentially (>13-fold by fluorescence anisotropy) over 
RsMe2 and RMe.111,112  Interestingly, if one of the Tyr residues (Y556) is mutated to Trp, the 
specificity for RaMe2 over RsMe2 is abrogated, and the protein binds both residues.  The 
SMN and SPF30 Tudor domains have also been crystallized while bound to RaMe2 and 
RsMe2.  These proteins have almost entirely conserved aromatic binding pockets consisting 
of three Tyr, a Trp, and an Asn, with strong π-stacking interactions between the guanidinium 
and the Trp.57  Another protein, the SND1 Tudor domain, binds PIWIL1 peptides R2sMe2 
(Kd = 10 µM) preferentially over R2aMe2 (Kd = 40 µM) through conserved hydrogen bonds 
in the binding pocket.58  Tight binding of the peptide is accommodated by a wide, negatively 
charged binding groove that binds to the highly basic peptide through electrostatic 
interactions.  Both RsMe2 and RaMe2 are bound through a combination of cation-π, N-CH3 
(δ+)-π, and N-H (δ+)-π interactions, as well as π-π stacking with the π-face of the 
guanidinium.  Additional crystal structures have revealed hydrogen-bonding interactions to 
Tyr and Asn groups located in the aromatic binding pocket (Figure 1.17).113 
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Figure 1.17. eTud11 binding to RsMe2 in an aromatic cage consisting of 3 Phe and one Tyr, 
which provide cation-π interactions, π-π stacking, and an Asn provides a hydrogen bonding 
interaction (pdb: 3NTH) bonding113. B. Recognition of RaMe2 by TDRD3 in an aromatic 
binding pocket with one Phe and 3 Tyr residues through cation-π interactions and π-π 
stacking53 (pdb: 2LTO). 
Arg contains five potential hydrogen bond donors which can be used to stabilize 
interactions with DNA, RNA and proteins.48  Upon methylation, the size and hydrophobicity 
of the guanidinium are increased, charge dispersion is increased, and hydrogen bond donors 
are removed.  The increase in hydrophobicity, propensity for π-π stacking, and charge 
dispersion of methylated Arg were explored by Hughes and Waters in 2006.114  Using the 
same β-hairpin model used to quantify cross-strand cation-π interactions between KMe3 and 
Trp, Hughes compared the thermodynamic effects of methylating Arg on β-sheet propensity, 
π-stacking and orientation with the cross-strand Trp, and peptide stability, to methylation of 
Lys.  They used a double-mutant cycle in their β-hairpin, as well as a sophisticated curve 
fitting technique for peptide denaturation studies in order to elucidate the thermodynamic 
parameters that governed Arg and methylated Arg interactions with Trp. 
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Interestingly, methylation of Arg to RaMe2 or RsMe2 contributes -1.0 kcal/mol of 
binding energy with Trp, which is equal to the energetic contribution of KMe3.  Methylation 
increases the hydrophobicity of the guanidinium, and increases charge dispersion, leading to 
more entropically favorable binding of Trp when compared to Arg.  This charge dispersion 
also lessens the electrostatic and cation-π contributions to binding, weakening the enthalpic 
contribution to binding for RaMe2 compared to Arg. These changes in charge dispersion are 
consistent with the electrostatic potential maps of Arg and RaMe2 and RsMe2 (Figure 1.18). 
 
Figure 1.18. Electrostatic potential maps of Arg side chains114: A. Arg. B. RaMe2. C. 
RsMe2. Electrostatic potential maps were generated with MacSpartan: HF/6-31g*; isodensity 
value = 0.02; range = 50 (red, electron rich) to 200 kcal/mol (blue, electron poor). 
Additionally, binding of RaMe2 is more entropically costly than binding KMe3.  
Binding of RaMe2 by Trp occurs via the π-face of RaMe2, significantly limiting its degrees 
of conformational freedom when bound.  This is contrary to KMe3, which can access a 
variety of conformations while interacting with Trp through its ε-CH2 and N-CH3 groups, 
and leads to a decrease in favorable entropy when RaMe2 is bound compared to KMe3.  This 
entropic cost of binding is compensated by enthalpic contributions from favorable π-π 
stacking interactions between the guanidinium and indole ring.  
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Few advances in binding methylated Arg with small molecule receptors have been 
made recently.  One example, pillararenes, makes up a novel class of supramolecular hosts 
that can recognize biologically relevant targets in water.  In 2013, Li and coworkers96 
reported a carboxylatopillar[5]arene (CP5A) (Figure 1.15) capable of binding to basic amino 
acids Arg, His, Lys and KMe3 with high micromolar affinity.  Binding occurred via 
electrostatic interactions with the carboxylates and the cationic guest as well as hydrophobic 
interactions between the aromatic core of CP5A and the aliphatic side chain of the amino 
acid.  The cyclophane exhibits the tightest affinity for the Arg amino acid (Kd = 170 µM), 
which is likely due to the multiple hydrogen bonds the guanidinium can make with the 
carboxylates, and shows little decrease in affinity in the context of a peptide consisting of 
Ala-Arg-Ala (Kd = 240 µM).  Interestingly, CP5A binds KMe3 more weakly than Lys, likely 
due to the loss of hydrogen bond donors in KMe3. 
 Cucurbit[7]uril (CB7) has also been shown to bind to methylated Arg and Lys amino 
acids.97  Interestingly, cucurbit[n]urils are neutral and do not contain aromatic surfaces, but 
rely on binding through the hydrophobic interior and carbonyl rims of the molecule.  CB7 
possesses very tight affinity and 3500-fold selectivity for the KMe3 amino acid (Kd = 0.53 
µM) over unmethylated Lys (Kd = 1900 µM).  It also binds RsMe2 (Kd = 160 µM) over 
RaMe2 (Kd = 500 µM) and is selective over RMe (56-fold) and Arg (32-fold).  1H NMR 
shows that binding of the methylated ammonium or guanidinium occurs within the host 
cavity; however, significant interactions with the free carboxylate and ammonium with the 
CB6/7 carbonyl groups aid in binding and make the hosts’ usefulness in the context of 
peptides and proteins unclear. 
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B. Goals and Project Design for this Work 
i. Dynamic Combinatorial Chemistry 
a. Background and Significance 
The field of small molecule recognition for posttranslationally modified amino acids 
is still growing and has room for improvement.  With the goal of building upon our 
understanding of methyl-arginine recognition and developing new methods for sensing these 
PTMs, we set out to develop small molecule receptors for methylated Arg.  
In order to generate a small molecule receptor for methylated Arg, we needed to 
consider the physical organic properties of small molecules and protein binding pockets that 
lead to tight and selective binding for methylated Arg over other residues.  As described 
above, the Tudor domains that bind to methylated Arg bind through a rigid aromatic cage, 
consisting of the aromatic side chains Phe, Tyr and/or Trp.115  These rigid aromatic cages 
stabilize the cationic Arg through cation-π interactions, strong π-π interactions with the π-
face of the guanidinium, CH (δ+)-π interactions and N-H-π interactions, as well as through a 
hydrophobic contribution through increased charge dispersion, which complements the 
cation-π and π-π stacking interactions.  Additional hydrogen-bonding interactions may occur 
within aromatic binding pockets with conserved Asn residues close to the pocket, though the 
exact contribution of these hydrogen bonds remains unclear.  Asn could hydrogen bond with 
the amide backbone of the peptide, though this would not be an entirely selective interaction.  
Additionally, in order to provide selectivity for Arg over KMe3, the binding pockets are 
narrow, limiting binding by KMe3 through steric interactions.110 
With regard to small molecules able to bind methylated Arg, each of the receptors are 
macrocyclic and possess hydrophobic interiors with negatively charged exteriors.  The 
41	  
primary binding forces governing recognition of methylated Arg are cation-π, π-π, 
hydrophobic, and electrostatic interactions with carboxylates appended from the aromatic 
core.  In the case of CB7, the interactions are primarily driven by the hydrophobicity of the 
interior of the macrocycle.  The ion-dipole interactions between the carbonyl head groups of 
the ring and the guanidinium, as well as the zwitterionic amino acid also strengthen binding. 
With these studies in mind, designing and engineering a small molecule receptor for 
either RaMe2 or RsMe2 should be straightforward.  In order to produce a selective receptor, 
the molecule should have an aromatic cage to support cation-π, and π-π stacking interactions.  
Extra negative charge likely encourages binding to the cationic guests, and additional 
hydrogen bonding interactions should enforce binding and selectivity.  Binding selectivity 
should be directed toward the higher methylation states because as methylation increases, 
hydrophobicity and van der Waals interactions also increase.  Of course, shape and pocket 
size is also important, especially for encouraging selectivity of methylated Arg over KMe3. 
Although designing a selective receptor for a methylated amino acid appears facile, 
incorporating functionalities at optimal positions and generating receptors with an ideal 
binding pocket has proven to be challenging.  The extensive efforts of the Hof group, for 
example, in which they synthesized 11 derivatives to enhance the binding affinity and 
selectivity of CX4, illustrates the challenge of predicting affinity and selectivity for binding 
in water.  Instead of specifically engineering a water-soluble, small molecule receptor, which 
would require extensive synthesis and may not provide selectivity, we chose to use dynamic 
combinatorial chemistry (DCC)116 as a method that enables both synthesis and screening of 
libraries of macrocyclic compounds under a variety of solvents and mild conditions.  
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b. Dynamic Combinatorial Libraries 
When performing reactions, organic chemists typically aim to generate a single 
product from a reaction.  In order to optimize yield and ease of purification, these intended 
products are stable under the reaction conditions and do not react with species in the reaction 
mixture.  This limits the formation of undesirable side products and increases the efficiency 
of the synthesis.  This methodology complements traditional combinatorial chemistry, in 
which large libraries of compounds are produced via a set of precise chemical 
transformations.  In order to ensure efficient and effective screening, undesirable side 
products must be limited in combinatorial chemistry; therefore, only specific, selective, 
irreversible reactions are considered for the generation of these libraries. 
Contrary to traditional synthetic combinatorial chemistry, DCC utilizes reversible 
covalent and noncovalent bond exchange in order to maximize library diversity.  DCC is 
combinatorial chemistry under thermodynamic control.   Mixing building blocks capable of a 
reversible covalent or non-covalent bond exchange under library conditions generates 
dynamic combinatorial libraries that can be used to synthesize complex mixtures of species.  
Rather than control the composition of libraries through precise measurements and 
calculations, DCC library composition is controlled by the reaction system.  Because the 
building blocks react reversibly, the library equilibrium is under thermodynamic control and 
responds to stimuli, according the Le Chatelier’s Principle, in order to minimize the free 
energy of the system.  A number of reviews have been published recently and cover the 
broad spectrum of DCC utility.117–124 
The concentration of each library member is determined by its inherent 
thermodynamic stability relative to other members of the library.  Library member 
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concentration can increase if that member forms energetically favorable interactions, such as 
binding or molecular recognition, with other members of the library.  Forming favorable 
noncovalent interactions with a guest lowers the free energy of the species, shifting the 
equilibrium to favor that species.  This leads to amplification of the stabilized library member 
at the expense of other species in solution (Figure 1.19).  Because amplification of a species 
implies molecular recognition of that guest, DCC library screening is a valuable tool for the 
identification of library members that interact favorably with targets of interest. Furthermore, 
libraries can be prepared in parallel.  By retaining the library components that participate in 
the reversible bond exchange, but varying the guest, a set of libraries can be screened for 
differential selectivity for certain guests over others. 
 
Figure 1.19. Dynamic combinatorial chemistry under thermodynamic control: With the input 
of a few curved building blocks, the dynamic equilibrium yields a large library of diverse 
macrocyclic compounds. In the presence of a guest, library species that form favorable non-
covalent interactions with the guest are amplified. This shifts the equilibrium toward the most 
stable host-guest species, amplifying the strongest binders at the expense of the other library 
constituents. 
 In recent years, research in the field of DCC has grown substantially (Figure 1.20), 
and an increasing number of reversible exchange reactions can be used for libraries.  DCC 
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libraries are often targeted toward studying molecular recognition, and library components 
are chosen based on compatibility with the guest and conditions for molecular recognition 
events.  For instance, molecular recognition events in water require water solubility of the 
library members as well as functionalities that can encourage molecular recognition.  
Functional groups such as carboxylates, amines and PEG (polyethylene glycol) are useful for 
improving water solubility of library members.  The reversible reaction is chosen based on 
compatibility with library member functionalities and molecular recognition conditions.  For 
example, disulfide exchange occurs in a slightly basic, aqueous environment, but does not 
occur in the presence of acid.  Hydrazone exchange, on the other hand, occurs under acidic 
conditions. 
 
Figure 1.20. Publications pertaining to DCC literature since 1984.27 
 Typically, the library monomers that undergo the reversible exchange are highly 
functionalized and carefully designed.  Monomers contain three sets of functional groups, 
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which could fulfill more than one purpose. These sets of functionalities are as follows: The 
functionality necessary for reversible exchange, such as thiols for disulfide exchange, and an 
aldehyde and amine for imine exchange; solubilizing functionalities, such as hydrophobic 
groups for organic media and water-solubilizing groups for aqueous media; and 
functionalities aimed toward improving molecular recognition, such as aromatic surfaces, 
which support cation-π interactions in water, and carboxylates, amines and amides which 
support electrostatic and hydrogen-bonding interactions. 
c. Prior Success Using DCC 
Previously, Ingerman and coworkers92 reported using DCC to develop the synthetic 
receptor, A2B (both rac- and meso-), which binds preferentially to KMe3 over the lower 
methylation states of Lys and all methylation states of Arg (Figure 1.21).  A2B is a 
macrocycle with a negatively charged exterior and an aromatic, hydrophobic interior, which 
serves as a binding pocket for KMe3.  1H NMR and ITC with KMe3-containing peptides 
show that A2B binds KMe3 (Kd = 2.6 µM) with 2.4-fold selectivity over KMe2 (Kd = 6.3 
µM).125  1H NMR of the bound host-guest complex revealed that A2B binds the amino acid 
side chain through a combination of CH (δ+)-π interactions with the N-CH3 groups,126 
cation-π, and hydrophobic interactions with the Lys side chain.  Dramatic upfield shifting of 
the N-CH3, β-, γ-, δ-, and ε-carbon protons on the Lys side chain (Table 1.4) provides 
evidence for the CH (δ+)-π interactions, with increasingly stronger contacts toward the end 
of the side chain and no significant interaction with the backbone of the peptide.  This upfield 
shifting is a result of the electron-rich π-surface of the aromatic rings shielding the side chain 
protons from the NMR magnetic field.  Greater upfield shifting signifies stronger contacts 
with the π-surface.99 
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Figure 1.21. A. Mercaptophane A2B which binds selectively to KMe3 over the methylation 
states of Lys and all methylation states of Arg. B. Peptide Ac-KMe3G-NH2 used in NMR 
binding studies. Protons along the Lys side chain are labeled α, β, γ, δ, and ε. 
Table 1.4. Changes in chemical shift (Δδ ppm) for Ac-KMe3G-NH2 upon binding to an 
excess of rac-A2B. 
Peptide Proton Δδ (ppm) 
NMe3 -1.59 
ε -2.59 
δ -2.11 
γ -1.15 
β -0.58 
α -0.05 
Gly +0.18 
Ac +0.20 
 
Binding to KMe3 is driven by cation−π interactions between the tetraalkyl 
ammonium group of KMe3 and the aromatic pocket.  A2B displays affinity and selectivity 
that is comparable to the HP1 chromodomain (Table 1.5).  The preference for KMe3 over 
lower methylation states arises from a number of factors.  While the additional CH (δ+)-π 
interaction may be obvious, the lower cost of desolvation for KMe3 over the lower 
methylation states of Lys likely contributes to binding significantly.  KMe3 may also be a 
better fit inside the binding pocket than KMe2.  The pocket is also too small to accommodate 
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guanidinium ions, which is likely the source of selectivity for methylated Lys over 
methylated Arg. 
Table 1.5. Binding Affinities and Selectivity Factors for rac-A2B Binding to Histone H3 
Peptides with Methylated Lys as Measured by ITC. 
Peptide Kda (µM) Selectivity Factorb 
H3K9Me3 2.6 ± 0.1 - 
H3K9Me2 6.3 ± 0.3 2.4 
H3K9Me1 13.9 ± 0.1 5.4 
H3K9 22 ± 1 8.3 
H3R8GK9Me3 17.1 ± 0.1 6.6 
Conditions: 26 °C in 10 mM borate buffer, pH 8.5. a 
Errors are from averages. b Selectivity is calculated as the 
factor-fold difference in affinity for KMe3 over the 
designated methylation state in that row. 
 
DCC was advantageous in this approach because it enabled the screening of 
numerous possible macrocyclic species.  DCC is an attractive alternative to the rational 
design of synthetic receptors in that it allows molecular recognition to guide the synthesis of 
complex host systems from simple building blocks.  These building blocks react reversibly to 
produce an equilibrium mixture of potential receptors.  Because the dynamic equilibrium will 
favor the formation of the lowest energy species, in the presence of a molecular target, or 
guest, favorable host-guest binding interactions drive the synthesis and amplification of 
favorable receptors at the expense of other species.  DCC also allows for parallel screening of 
the same library of building blocks against all Lys and Arg methylation states, providing a 
rapid approach to screen for selective recognition of the different PTMs.  Disulfide exchange 
(Figure 1.22) was chosen as the reversible reaction to link the monomeric building blocks 
because it occurs in aqueous solution at close to neutral pH and is stable toward most 
biological functional groups.116  In addition, exchange can be quenched under acidic 
conditions, allowing for analysis of the library under static conditions.  Finally, preparative 
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DCC provides a favorable method of synthesizing macrocyclic species for isolation and 
characterization. 
 
 
Figure 1.22. Disulfide exchange occurs under mild aqueous conditions following the 
oxidation of thiols to disulfides.  Exchange is base catalyzed and occurs between pH 7 and 9, 
which is required to deprotonate a free thiol in solution. 
ii. Project Goals 
 The main goal of this project was to identify, synthesize and characterize a novel 
small molecule receptor for methylated Arg.  Ideally, the small molecule receptor would be 
selective for a particular methylated Arg, with low micromolar affinity and high selectivity 
(greater than 2-fold) over the other methylation states of Lys and Arg.  The broader 
application of this work is to use this small molecule in IDA’s for enzyme kinetics and PTM 
crosstalk studies, on microarrays for enzyme assays and crosstalk studies, or in affinity 
chromatography for the enrichment of PTM-containing proteins to improve the limit of 
detection and efficiency of mass spectrometry. 
 In generating DCC libraries for the identification and synthesis of useful biological 
tools, we would also expand the utility of DCC beyond the physical organic studies for which 
it has typically been used.  By using DCC to generate a small library of receptors, we would 
also provide important insight into the chemical properties necessary for binding to 
methylated Arg in water; a task that remains challenging to this day. 
iii. Project Design 
A structure-function study of the KMe3 receptor, A2B, was performed in order to 
synthesize a receptor for methylated Arg and ultimately understand the role of monomer B in 
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receptor binding to hydrophobic, cationic guests.  Inspiration for monomer design was drawn 
from reported crystal structures and NMR structures of reader proteins (described above) 
bound to RsMe2 and RaMe2 for insight into potential binding mechanisms for small 
molecule receptors to methylated Arg.  Each of the protein binding pockets encapsulate and 
bind to the guanidinium functionality through a combination of CH (δ+)-π interactions with 
the N-CH3 (δ+) groups, cation-π and π-π stacking with the guandinium group and two 
aromatic rings, NH-π interactions, and hydrogen bonds.   
We sought to improve binding to methylated Arg derivatives by enhancing these 
binding characteristics of A2B, primarily the cation-π and π-π stacking ability of the 
macrocycle.  We aimed to capitalize on binding to the unique set of functional handles of the 
methylated guanidinium in order to impart high affinity and good selectivity.  The 
guanidinium of Arg has a pKa of 12.6, and is protonated under most aqueous conditions.  It 
also provides up to five hydrogen bond donating positions and has a flat, hydrophobic, π-
surface.  One barrier to selective recognition of Arg is that it is well solvated in water.  In 
order to overcome the cost of desolvation, receptors must form multiple favorable 
interactions with the unique array of functional handles for binding the methylated 
guanidinium.  An ideal receptor for methylated Arg would provide electron-rich π-surfaces 
for π-stacking and cation-π interactions with the Arg π-face and the methyl groups, as well as 
hydrogen bond accepting groups to facilitate hydrogen bonding and electrostatic interactions 
with the N-H protons. 
Monomer B of A2B was replaced in DCC screens by monomer D (Figure 1.23) in 
order to provide larger macrocycles that may interact with RsMe2 and RaMe2, which were 
sterically occluded by A2B.  Monomer D was synthesized as a derivative of monomer B with 
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a naphthalene core in order to improve cation-π and π-stacking, with respect to the benzene-
derived monomer B.  The bent orientation of the thiols assists in macrocycle formation, and 
the carboxylate aids in water solubility, hydrogen bonding and electrostatic interactions with 
the guest.  In addition to improvements in the physical organic binding properties of 
monomer B, monomer D also facilitates the synthesis of larger macrocycles with diverse 
orientations and binding pocket geometries.  Because the macrocycles that are formed in 
DCC libraries generally possess hydrophobic, aromatic interiors, D-containing receptors 
were expected to bind higher methylation states selectively over RMe, Arg, KMe2, KMe, 
and Lys due to the increased cost of desolvation for the lower methylation states.83  
 
Figure 1.23. Iterative redesign of A2B to generate monomer D from monomer B.  Monomer 
D maintains the negative charge, two thiols, bent thiol positioning to encourage macrocycle 
formation, and aromatic π-surface of monomer B, but possesses a naphthalene ring to 
enhance π-stacking and encourage the formation of large macrocycles. 
We chose to keep monomer A in our DCC library screens.  The unique geometry of 
monomer A provides an aromatic interior on its concave surface, while the carboxylic acids 
on the convex surface are deprotonated in alkaline solution to provide water solubility.  
Additionally, the curvature provided by the A2- cleft in A-containing oligomers encourages 
cyclization and macrocycle synthesis in DCC libraries.  
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C. Results and Discussion 
i. Biased Dynamic Combinatorial Libraries for the Generation of A2D 
Eight separate DCC libraries biased toward the formation of A2D were prepared in 
which monomers A and D were mixed in a 2:1 ratio, respectively.  In order to amplify hosts 
that interact primarily with the intended target, the monomers were mixed with an equimolar 
quantity of a short dipeptide guest, Ac-KMex-G-NH2 (x = 0−3) or Ac-RMey-G-NH2 (y = 
0−2), or no guest in the case of the untemplated library.  These small peptides were chosen to 
minimize interactions with neighboring amino acids as well as remove the electrostatic 
interactions with the zwitterionic amino acid, and promote the amplification of species that 
interact primarily with the side chain.  
The composition of each library was monitored by LC-MS, and after reaching 
equilibrium, the receptors that were amplified in the presence of each guest as compared to 
the untemplated library were identified (Figure 1.24).  Peptides containing Lys and Arg were 
used to evaluate receptor selectivity for methylated residues over unmodified residues.  
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Figure 1.24. Overlay of analytical HPLC traces at 254 nm of DCC libraries consisting of 
monomers A (5 mM) and D (2.5 mM), and varying guest (7.5 mM).  The y-axis is 
absorbance in arbitrary units and all traces are on the same scale.  This overlay highlights the 
significant amplification of A2D in the presence of RaMe2 and the low relative concentration 
of A2D in the untemplated (no guest), KMe2, and RsMe2 traces. 
In the presence of KMe3, A2D and two stereoisomers of A3 are significantly 
amplified.  A3 has previously been shown to bind to AcCH,127 so its amplification in the 
presence of KMe3 is not surprising.  Interestingly, out of the two possible sets of 
stereoisomers of A2D, only a single diastereomer is amplified.  It should be noted that only 
one A2D isomer exists in concentration high enough to be detected in the untemplated 
library, indicating significant differences in thermodynamic stabilities between the isomers of 
A2D.  Upon templation with RaMe2, A2D is strongly amplified while neither A3 species is 
amplified.  The amplification of A2D in the presence of RsMe2 is quite weak in comparison 
to the amplification in the presence of RaMe2 and KMe3 (Figure 1.25). 
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Figure 1.25. Percent amplification of A2D biased DCC libraries templated with methylated 
Lys and Arg dipeptide guests relative to the untemplated library.  The extent of amplification 
of A2D (blue) and both A3 isomers (green) is shown. 
Careful interpretation of amplification data from biased DCC libraries can imply 
relative binding selectivities between guests.  Amplification data alone does not indicate the 
absolute binding affinity, but rather suggests relative binding affinities between substrates.  
The very slight amplification of A2D in the presence of RsMe2 compared to the significant 
amplification of A2D in the presence of RaMe2 suggests that A2D binds RaMe2 with 
considerable selectivity over RsMe2.  Unfortunately, the amplification of the two A3 
stereoisomers imposes a caveat for the interpretation of amplification data for KMe3 when 
compared to RaMe2.  Because each A3 stereoisomer contains three units of monomer A, and 
A2D contains two units of monomer A, the relative amplification of A2D in the presence of 
KMe3 does not indicate binding affinity or selectivity between the two species, since they 
compete for the same monomer. 
ii. Characterization of A2D 
a. Synthesis and Purification 
 A2D was synthesized using a preparative scale, biased DCC library with a 2:1 ratio of 
monomer A to monomer D, respectively, and five equivalents of N-methylisoquinoline 
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(NMQ) (Figure 1.26).  NMQ was used as a guest because it is commercially available and 
was shown to amplify A2D in the context of biased libraries.  After the library reached 
equilibrium, the library was filtered and A2D was purified by reverse phase HPLC and 
isolated in ~40% yield.  The mobile phase was buffered with 10 mM NH4OAc to maintain 
water solubility of the library.  NH4OAc was used because it sublimes under reduced 
pressure and can be removed from the purified A2D by lyophlization.  
 
Figure 1.26. A. Schematic for the preparative synthesis of A2D using NMQ as the guest 
instead of RaMe2. B. Representative HPLC trace of the preparative purification of A2D at 
254 nm. A2D was collected as one large peak at 13.5 minutes. 
b. NMR Characterization2 
NMR studies, including 1D 1H spectra, NOESY, TOSCY, and COSY experiments, 
were undertaken to characterize the structure of the A2D receptor.128  In structural 
characterization, most notable were the chemical shifts of protons 2 and 3 of the naphthyl 
ring, which were shifted to ∼3.1 and 2.9 ppm, respectively (Figure 1.27b).  This is almost 5 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
2 NMR characterization of A2D was performed by Lindsey I. James 
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ppm further upfield from where these proton signals appear in the spectra of monomer D.  
Based on observed NOEs (Figure 1.27a) and the significant upfield shift of these naphthalene 
protons, it is proposed that this portion of the naphthalene ring is directed toward the inside 
of the receptor cavity, sandwiched between both A subunits and packed into the aromatic 
pocket. Furthermore, the observed A2D isomer is predicted to be the RR,SS/SS,RR pair of 
enantiomers due to the presence of NOE cross peaks between four monomer A aromatic 
doublets (protons 14, 15, 20, and 21 in Figure 1.27), suggesting that they are all in close 
proximity on one edge of the macrocycle (Figure 1.27b). While the A subunits appear to be 
in close proximity on one edge of the molecule, no NOEs were observed between protons on 
the other edge (protons 6−13), suggesting that they are further apart from each other, creating 
a binding cleft. 
 
Figure 1.27. A. A2D NOESY cross peaks: (a) NOEs between A and D subunits; (b) NOEs 
between A subunits; and (c) NOEs within subunits. B. 1H NMR of A2D at 5 °C in borate 
buffer. The numbered protons correspond to those assigned in monomer D. The blue and 
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orange protons are each from an A molecule on the same face of A2D, and are in close 
proximity (protons 14 – 21), whereas the green and magenta protons are on the other face of 
A2D and are further from each other (protons 6 – 13). 
iii. Binding Studies with Methylated Arg and Lys 
 Binding of A2D to histone 3 peptides containing Arg methylation at position 8 or 
KMe3 at position 9 was determined to evaluate the selectivity for the different PTMs within 
the same sequence (Table 1.6). To determine the influence of the peptide sequence on 
recognition of RaMe2, two additional biologically relevant Arg methylation sites were 
investigated, including histone H3R2 and RUNX1R210 (also known as AML1)129 (Table 
1.6).  Fluorescence quenching and ITC were performed to measure binding affinities (Table 
1.7).  
a. Fluorescence Polarization Binding Studies3 
Table 1.6. Peptides Used for Binding Studies with A2B and A2D. 
Peptide Name Peptide Sequence 
FAM_H3R8MeX (X = 0-2)a FAM-QTA(RMeX)KSTG-NH2 
FAM_H3K9MeY (Y = 0-2)a FAM-QTAR(KMeY)STG-NH2 
FAM_H3R8aMe2K9Ga FAM-QTARaMe2GSTG-NH2 
FAM_H3R8GK9Me3a FAM-QTAGKMe3STG-NH2 
H3R8MeX (X = 0-2)b Ac-YGG-QTA(RMeX)KSTG-
NH2 
H3K9Me3b Ac-YGG-QTARKMe3STG-NH2 
H3R2Me2b ARMe2TKQTA-GGY-NH2 
RUNX1R210Me2b Ac-YGG-TAMRMe2VSP-NH2 
a FAM-labeled peptides used in fluorescence anisotropy for A2B and 
fluorescence quenching for A2D. 
b Ac-capped peptides with YGG tags for 
concentration determination by UV used in ITC with A2D. 
 
Fluorescence anisotropy (FA) was previously used to measure the binding affinity of 
A2B for histone H3 peptides with varying methylation states of Lys and Arg (Table 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
3 Fluorescence anisotropy and fluorescence quenching experiments were performed by Lindsey James and 
Natalie Rice 
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1.6).128,130  By FA, A2B, exhibits a binding affinity for H3K9Me3 of approximately 25 µM, 
with binding affinities >600 µM for all of the methylation states of H3R8 (Table 1.7).   
Table 1.7. Binding Affinities of A2D for Methylated Histone H3 Peptides by ITC and FQ. 
Entry Peptide Charge Kdc (µM) ΔG (kcal/mol) Selectivity Factord 
1 H3R8aMe2a +2 5.1 ± 0.6 -7.2 ± 0.1 - 
2 H3R8sMe2a +2 38.4 ± 4.8 -6.0 ± 0.1 7.5 
3 H3R8Mea,e,f +2 26 ± 3 -6.3 ± 0.1 5.1 
4 H3K9Me3a,e +2 3.9 ± 0.5 -7.4 ± 0.1 0.8 
5 H3R8K9a,e,f +2 ≥ 60 ≤ -5.7 ≥ 12 
6 H3R2aMe2a,e +3 0.93 ± 0.01 -8.2 ± 0.1 - 
7 H3R2sMe2a +3 2.3 ± 1.7 -7.7 ± 0.1 2.5 
8 RUNX1R210aMe2a +1 6.4 ± 0.9 -7.1 ± 0.1 - 
9 RUNX1R210sMe2a +1 18.1 ± 0.8 -6.5 ± 0.1 2.8 
10 H3R8aMe2b +2 38 ± 8 -6.0 ± 0.1 - 
11 H3R8sMe2b +2 236 ± 39 -4.9 ± 0.1 6.2 
12 H3R8Meb +2 474 ± 79 -4.5 ± 0.1 12.5 
13 H3K9Me3b +2 40 ± 7 -6.0 ± 0.1 1.1 
14 H3K9Me2b +2 95 ± 11 -5.5 ± 0.1 2.5 
15 H3K9Meb +2 663 ± 234 -4.3 ± 0.2 17.4 
16 H3R8K9b +2 ≥ 1600 ≤ -3.8 ≥ 42 
17 H3R8aMe2K9Gb +1 38 ± 7 -6.0 ± 0.1 1.0 
18 H3R8GK9Me3b +1 54 ± 12 -5.9 ± 0.1 1.4 
All data reported as averages from three trials unless otherwise noted.  a Affinity determined by ITC; 
data fit to a two-site binding model; conditions: 25°C in 10 mM sodium phosphate buffer, pH 8.4. b 
Affinity determined by FQ; conditions: 27°C in 10 mM sodium phosphate buffer, pH 8.5. c Errors 
determined by standard deviation from averages for ITC data and from the curve fitting for FQ data. d 
Selectivity is calculated as the factor-fold difference in affinity for RaMe2 over the designated 
methylation state of the same peptide in that row. e Average of two trials. f Data fit to a one-site 
binding model. 
 
Fluorescence quenching (FQ) measurements were conducted with A2D in order to 
provide a direct comparison of binding affinity and selectivity.128  When bound, the 
naphthalene subunit of A2D comes into proximity for the fluorescein tag and quenches the 
fluorescence.  By FQ, A2D is 6-fold selective for RaMe2 over RsMe2, 12.5-fold selective 
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over RMe and over 40-fold selective over the unmethylated peptide.  Interestingly, A2D 
exhibits the same affinity for KMe3 as RaMe2, suggesting that the binding pocket is flexible 
and can bind in more than one conformation in order to accommodate largely different motifs 
in its binding pocket.  A2D shows the same 2.5-fold selectivity for KMe3 over KMe2 as A2B, 
which can possibly be attributed to a loss in cation-π interactions or the increased cost of 
desolvation when binding to KMe2.  The implications of this 2.5-fold selectivity will be 
explored further in Chapter 2.  A2D does not bind the R8GK9G mutant, suggesting that the 
primary binding interactions occur with Arg8 and Lys9.  Interestingly, K9 seems to have no 
effect on selectivity in the presence of RaMe2; however, R8 improves binding of KMe3 by a 
small factor of 1.4.  Additionally, A2D is very selective for KMe3 over KMe, but the extent 
of selectivity remains unclear due to the large error associated with the weak binding in the 
KMe measurements.  Unfortunately, a few sources of error call the actual binding affinities 
listed in Table 1.7 into question.  Simple observation revealed that the quenching curves did 
not properly fit the quenching data, suggesting that binding was not necessarily one-to-one 
receptor to peptide.  Additionally, the majority of the quenching curves appeared to not go to 
a complete fluorescence quench (Figure 1.28).  Furthermore, the extinction coefficient of 
A2D could not be confirmed using elemental analysis, mass, or NMR due to the low 
quantities of receptor available.  The presence of salts could result in lower quantities of A2D 
present than expected, influencing the binding affinities observed.  We chose to use ITC to 
reinvestigate A2D binding affinities for the methylated Arg residues and KMe3 in the context 
of histone H3 peptides as a comparison to the FQ affinities and selectivities, as well as a 
method for determining Kd, which is not directly influenced by receptor concentration (vide 
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infra).  Interestingly, while the affinities obtained using both methods differ by a factor of 5 
to 10, the relative selectivities are similar in most cases. 
 
Figure 1.28. Fluorescence quenching data of A2D (0-200 µM) titrated into H3R8aMe2 (5 
µM) in 10 mM sodium phosphate buffer, pH 8.5, at 27 °C.  The data was corrected by 
subtraction of the fluorescence of the H3 R8GK9G peptide.  The inability of the curve to fit 
the data to a one-site binding model is apparent.  In addition, although the data appears to be 
reaching a maximum quench, it is unclear if a complete quench is obtained leading to error in 
the reported Kd.128 
b. 1H NMR Binding Studies 
NMR was also used to investigate the recognition of RaMe2 and RsMe2 by A2D by 
evaluating changes in the 1H NMR spectra of the dipeptides, Ac-RaMe2-G-NH2 and Ac-
RsMe2-G-NH2, upon binding (Table 1.8). Experiments were performed with 600 µM peptide 
and a 3−4-fold excess of A2D so that the peptide is in the fully bound state. The peaks for 
A2D broaden significantly upon mixing, indicating that the rate of exchange is on the NMR 
time scale.  Interestingly, the side chain of both RaMe2 and RsMe2 is also broadened, 
suggesting that binding can occur in more than one conformation that also exchange on the 
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NMR timescale (Figure 1.29 & Figure 1.30); however, the signal for the N-CH3 groups of 
RaMe2 remain sharp.  This suggests that the protons maintain in close contact with the 
aromatic surfaces on the interior of the ring. 
 
Figure 1.29. A. 1H NMR at 25 °C in 10 mM Na2DPO4/NaD2PO4 (pD 8.0 = pH 8.4) buffer 
with DSS as an internal standard. A. Ac-RaMe2-G-NH2 (600 µM) with side chain protons 
labeled. B. Ac-RaMe2-G-NH2 (600 µM) with A2D (2 mM) showing significant upfield 
shifting of the N-CH3 and δ-protons relative to the unbound peptide. 
In the case of RaMe2, more significant upfield shifting is observed for protons closer 
to the guanidinium group, with the methyl protons shifted to the greatest extent, indicating 
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that they are packed against the face of an aromatic ring (Table 1.8).  In contrast, upfield 
shifting is observed to some degree at every position in the RsMe2 peptide, including the Gly 
protons. While a greater degree of upfield shifting is observed at the α and β positions of 
RsMe2 than RaMe2, less upfield shifting is observed at the methyl groups. These data 
suggest that RaMe2 binding stems primarily from interaction with the guanidinium methyl 
groups, whereas RsMe2 interacts with the receptor at multiple positions along the side chain 
but with less interaction of the methyl groups. The broadening of the RsMe2 proton signals 
bound to A2D suggests that it interconverts between inserting one methyl group or the other 
into the receptor binding pocket, unlike RaMe2, for which the methyl groups give a sharp 
peak. 
Table 1.8.  Changes in Chemical Shifts (Δδ ppm) of Ac-RaMe2-G-NH2 and Ac-RsMe2-G-
NH2 in the Presence of an Excess of A2D relative to the unbound states.* 
1H Position Δδ RaMe2 (ppm) Δδ RsMe2 (ppm) 
Ac 0.03 -0.06 
Hα 0.03 -0.16 
Hβ1 -0.13 -0.22 
Hβ2 -0.16 -0.21 
Hγ -0.22 -0.22 
Hδ -0.39 -0.39 
NMe3 -0.96 -0.44 
*Conditions: 25°C, 10 mM Na2DPO4/NaD2PO4, pD 8.4 (uncorrected). 
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Figure 1.30. 1H NMR at 25 °C in 10 mM Na2DPO4/NaD2PO4 (pD 8.0 = pH 8.4) buffer with 
DSS as an internal standard. A. Ac-RsMe2-G-NH2 (600 µM) with side chain protons labeled. 
B. Ac-RsMe2-G-NH2 (600 µM) with A2D (2 mM) showing significant upfield shifing of the 
δ-protons relative to the unbound peptide, but also shows significant broadening and 
moderate upfield shifting of the N-CH3 protons.  Additional peaks near 2.0 ppm are from an 
impurity in the A2D sample. 
c. Isothermal Titration Calorimetry 
Due to the issues described above for the binding data obtained by FQ, isothermal 
titration calorimetry (ITC) was used to measure binding affinity.  ITC is an excellent 
technique for measuring molecular interactions.  ITC detects the heat effect of binding 
interactions and therefore does not require the use of fluorophores, chromophores or 
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enzymes, all of which can be influenced by local fluxes in chemical environment and slight 
changes in conditions.  Additionally, ITC can provide an entire thermodynamic profile of 
binding interactions by directly measuring the binding constant, ΔH° and stoichiometry.  
Using Gibbs free energy equation (Equation 1.1), the ΔS° of the reaction can also be 
determined.  ∆𝐺° = −𝑅𝑇𝑙𝑛(𝐾!)  Δ𝐺° = Δ𝐻°− 𝑇Δ𝑆°  Δ𝐻°− 𝑇Δ𝑆° = −𝑅𝑇𝑙𝑛(𝐾!)  
Δ𝑆° = 𝑅𝑇𝑙𝑛 𝐾! + Δ𝐻°𝑇  
Equation 1.1. Manipulation of Gibb's free energy equation to determine ΔS°. 
Additionally, ITC does not rely on the concentration of host to measure binding 
affinity.  This is especially beneficial in the case of A2D, because we are unable to confirm 
its exact concentration in solution.  Binding studies for ITC were conducted using peptides 
containing YGG at the N- or C-terminus for concentration determination by UV.  While Tyr 
does not bind to A2D in the context of an unmodified peptide (Ac-YGGQTAGGSTG-NH2) 
we cannot exclude the possibility that the Tyr tag in the peptides used for ITC contributes to 
binding.   
Peptides were titrated into a solution of A2D, and the heat released was measured.  
With the exception of H3R8K9 and H3R8Me, ITC data were best fit with a model for two 
independent sites, giving two binding affinities representing a tight binding event, which is 
likely interaction with the guanidinium or methylammonium group, and a weaker binding 
event, likely due to nonspecific interactions with the peptide.   Unfortunately, use of a two-
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site binding model significantly increases error in the measurement of ΔH° and ΔS° so only 
the binding affinity is discussed. 
A2D exhibits a binding affinity of 5 µM for H3R8aMe2, with greater than 7-fold 
selectivity over H3R8sMe2 and more than 10-fold selectivity over the unmodified H3 
peptide, H3R8K9. The selectivity over H3R8Me is slightly less, at about 5-fold, suggesting 
that the smaller RMe side chain can be accommodated better than the bulky sRMe2.  This is 
the selectivity only factor, which is not consistent with the results obtained by FQ.  These 
results are qualitatively consistent with the amplifications observed in the DCLs (Figure 
1.25) and indicate that A2D exhibits similar selectivity to many methyl Arg binding proteins 
(Table 1.9). 
Table 1.9. Binding Affinities of Various Reader Proteins to Methyl Arg-Containing Peptides. 
Reader Protein Methylation Mark Kd (µM) 
eTud11 Aub R11sMe2 71113 
eTud11 Aub R13sMe2 48113 
eTud11 Aub R15sMe2 5.4113 
SMN Tudor RsMe2α 47657 
SMN Tudor RaMe2α 102557 
SPF30 Tudor RsMe2α 65257 
SPF30 Tudor RaMe2α 100657 
SND1 eTudor PIWIL1 R4sMe2 1058 
SND1 eTudor PIWIL1 R4aMe2 4258 
SND1 eTudor PIWIL1 R4Me 1958 
SND1 eTudor PIWIL1 R4 9758 
TDRD1 TD2 RsMe2α 17255 
TDRD1 TD3 RsMe2α 35355 
TDRD3 PIWIL RsMe2 >300112 
TDRD3 PIWIL RaMe2 >150112 
α Denotes Kd is for binding to amino acid only 
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Surprisingly, the binding affinity of A2D for H3K9Me3 was found to be equivalent to 
that of H3R8aMe2, showing no distinction between the two modifications.  This similar 
affinity for KMe3 and RaMe2 was not apparent in the DCC studies because of the 
amplification of A3 in the presence of KMe3.  Because KMe3 amplifies both A2D and A3, 
and both receptors compete for monomer A, the total amplification of A2D was reduced in 
the presence of KMe3, relative to RaMe2, which does not amplify either A3 stereoisomer. 
This highlights the possible breakdown of the correlation between amplification and binding 
efficiency as a result of complex competing equilibria that minimize the overall free energy 
of the system.127 
Combined, these data provide insight into the binding affinity and selectivity of A2D 
for methylated Arg.  The selectivity for the different methylation states of Arg can be 
explained by differences in size, surface area, and desolvation costs.  In accordance with the 
DCC library amplification data for A2D, we expected to observe little to no binding of 
H3R8K9 in aqueous solution.  Consistent with examples of small molecule receptors and 
thermodynamic studies mentioned above, cation-π interactions with guanidinium ions are 
typically not strong enough to result in the binding of Arg in aqueous solution due to the high 
cost of desolvation of binding Arg in an aromatic pocket.  Additional electrostatic 
interactions are typically necessary for binding; however, the carboxylates on monomer A 
are rigidly held away from the binding pocket, and the carboxylate in monomer D is in the 
same plane as the naphthalene unit and also cannot interact favorably with Arg. 
The improved binding of A2D to methylated Arg can be explained by a decreased 
cost of desolvation of the guanidinium ion, improved cation-π interactions with the aromatic 
binding pocket, and an optimal pocket size and shape.  Upon methylation of Arg, the 
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hydrophobicity of the guanidinium increases.  Increased methylation reduces the cost of 
desolvation by reducing the number of hydrogen bond donors and preventing the formation 
of bifurcated hydrogen bonds with water.17  Additionally, increased methylation of Arg has 
been shown to improve stacking interactions with aromatic rings in water.83,114 
Binding of RaMe2 by A2D is about 0.5-1.2 kcal/mol more favorable than binding of 
RsMe2, depending on the peptide sequence.  The magnitude of a cation-π interaction is 
equivalent for the two isomers of RMe2, so that cannot account for the selectivity of A2D for 
RaMe2104.  Pocket size and shape may contribute to the binding selectivity between the two 
RMe2 isomers.  It is reasonable to hypothesize that RsMe2 is too large to effectively fit into 
the binding pocket, such that RsMe2 can only insert one methylimminium group into the 
pocket at a time.  This is consistent with the 1H NMR binding study data of RsMe2 bound to 
A2D.  Under binding conditions, the N-CH3 protons of RsMe2 exhibit half as much shifting 
of the methyl groups in RsMe2 as observed for aRMe2.  Additionally, the proton signals are 
significantly broadened for RsMe2, suggesting the host-guest complex is accessing multiple 
conformations on the NMR timescale.  If only one methyl group is inside the binding pocket 
of A2D, this would result in one less CH3 (δ+)-π interaction than RaMe2.  This could also 
place an N-H in the pocket instead of a methyl group, resulting in a higher desolvation 
penalty than for RaMe2.  
The binding of RMe to A2D is also weaker than the binding of RaMe2, but stronger 
than the binding of RsMe2.  RMe can make fewer van der Waals contacts than RaMe2, and 
has a higher cost of desolvation, which can account for the 0.9 kcal/mol difference in binding 
affinities.   
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To gain insight into the influence of the surrounding sequence on binding affinity, the 
affinities of A2D to RaMe2 and RsMe2 were compared across all three parent peptides in 
Table 1.6, H3R8, H3R2, and RUNX1R210.  While A2D binds to RaMe2 more strongly than 
RsMe2 in every case, the degree of selectivity appears to be somewhat influenced by the 
surrounding sequence, ranging from about 2.5- to 7.5-fold.  This is likely due to variation in 
additional contacts made between the receptor and the peptide.  The data in Table 1.9 suggest 
a modest influence of the sequence on binding based on net charge of the peptide, but the 
trend is not strong (compare entries 1, 6, and 8 and 2, 7, and 9).  The peptides with a +3 
charge bind more tightly than the peptides with lower charge, but the peptides with a +1 and 
+2 charge are not significantly different. This suggests that while increased charge can 
improve affinity, the location of the charge also influences binding.  The ability of a 
neighboring charged residue to make additional contacts with the carboxylates or the 
aromatic π-surfaces on the exterior of the A2D macrocycle likely influences the differences in 
selectivities between peptides.  For example, if the H3R8aMe2 peptide adopts an extended 
conformation, K9 would be directed away from R8aMe2, which may reduce its influence on 
binding.  In contrast, K4 in the H3R2aMe2 peptide would be directed toward the receptor in 
an extended conformation of the peptide, providing additional electrostatic or cation-π 
interactions. This is further supported by the FQ data, which shows that A2D binding to 
R8aMe2 is not influenced by Lys9. 
D. Conclusions 
Interesting conclusions can be drawn from a comparison of A2D and A2B. While A2B 
exhibits a 2 kcal/mol difference in binding affinity for K9Me3 relative to R8aMe2, 
replacement of the phenyl ring in A2B with the naphthyl ring in A2D abolishes this 
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selectivity. This gain in binding energy for RaMe2 by A2D can be attributed to both the 
formation of a larger binding pocket, which can accommodate RaMe2 and additional π−π 
stacking interactions between RaMe2 and the naphthalene ring.  It is well established that the 
carboxylates on monomer A are held rigidly outside of the cavity and do not contribute 
directly to binding of ammonium or guanidinium cations,83 and the carboxylic acids in A2B 
and A2D do not appear to play a direct role in binding to the methylated side chain.  
Additionally, the carboxylates on the aromatic rings of B and D are not oriented properly to 
interact directly with the cation in the binding pocket via salt bridge formation, as has been 
shown in other synthetic receptors for Lys and Arg.83,100  Thus, it appears that a combination 
of cation-π and van der Waals interactions is the primary driving force for binding both 
methylated side chains.77  Charged residues in the surrounding peptide appear to contribute 
additional electrostatic interactions with the carboxylates in a sequence-dependent manner. 
A2D, with its hydrophobic, aromatic binding pocket composed of five aromatic rings 
loosely mimics the protein crystal structures described earlier. The crystal structures of 
methyl Arg-binding proteins described in this chapter contain aromatic cages consisting of 
four aromatic faces, an open face as a point of insertion for the Arg residue, and in some 
cases an additional hydrogen bonding face (such as Asn) (Figure 1.8 & Figure 1.17).  A2D 
provides five aromatic π-faces for cation-π interactions and π-π stacking; however, it lacks a 
hydrogen-bonding group pointed directly into the pocket.  
Incredibly, A2D binds RaMe2 with greater affinity than the methyl Arg reader 
proteins listed in Table 1.9, despite lacking hydrogen-bond donating groups within the 
binding pocket.  This suggests that the aromatic cages in the native RMe2 binding proteins 
are not necessarily optimal for binding of RMe2 but rather provide the necessary degree of 
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binding to result in the desired phenotype.  
In conclusion, A2D is a small molecule receptor capable of recognizing and 
differentiating the various states of methylated Arg.  It binds specifically to RaMe2 with 2.5-
fold to 7.5-fold selectivity over RsMe2.  Recently, a few small molecule receptors with the 
ability to recognize a methylated state of Arg have been identified; however, with the 
exception of antibodies,131 to the best of our knowledge this is the only known synthetic 
receptor that recognizes RaMe2 with selectivity over RsMe2. A2D exhibits comparable 
affinities and selectivites for the different methylation states of Arg as native methyl Arg 
binding domains.  The low micromolar affinity of RaMe2 by A2D is impressive, as the 
primary driving force for binding is the interaction with the modified side chain, unlike many 
of the native proteins that recognize the surrounding residues and protein backbone as well. 
The preference for RaMe2 over the other methylation states can be attributed to differences 
in the van der Waals contacts, cation-π interactions, and desolvation penalties of the lower 
methylated states of Arg.  The results presented here demonstrate the ability to develop and 
fine tune a receptor by making subtle changes to the building blocks used in DCC and 
suggest opportunities to further optimize function.  Receptors of this type are promising for 
applications involving differential sensing of PTMs, such as pattern recognition assays like 
IDA’s or affinity chromatography for peptide enriched mass spectrometry. 
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E. Second Generation Strategies for Recognition of Methylated Arg 
i. Redesigning Small Molecule Receptors and DCC Monomers 
a. Background 
Our group is currently exploring a number of approaches toward improving the 
binding affinity and selectivity of small molecule receptors for methylated Arg derivatives.  
The goal is to produce small molecule receptors that have tight binding affinity for a specific 
methylated Arg as well as good selectivity over the other methylation states of Arg and all of 
the methylation states of Lys.  
One approach toward the generation of more selective receptors is the systematic 
screening of DCC libraries with intuitively designed monomers.  Recently, we investigated 
the macrocycles formed by a variety of water soluble, aromatic monomers in DCC libraries.   
Interestingly, we found that incorporation of monomer A in DCC libraries strongly drove 
library composition toward the formation of A2X macrocycles, in which X is any derivative 
of B or D.  A-bearing macrocycles inherently form a concave cavity, which, upon 
consideration of the binding pockets of methylated-Arg-binding proteins, may not induce 
binding of methylated Arg, but could impart affinity for KMe3. (See Chapter 2 for a detailed 
analysis and discussion of monomers, libraries, and macrocycles identified and their binding 
affinities and selectivities.) 
Previously, Lindsey Ingerman identified the small receptor, BD2 using DCC (Figure 
1.31).128  BD2 was amplified in the presence of KMe3 and KMe2 by a factor of ~5 over the 
untemplated library in DCC libraries biased toward the formation of BD2.  The macrocycle 
was also amplified by about 3-fold in the presence of RsMe2 and RaMe2.  1H NMR revealed 
that BD2 primarily interacts with the N-CH3 groups and the ε- and δ- carbons of the KMe3 
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side chain in an Ac-KMe3-Gly-NH2 peptide.  Similar to A2B and A2D, binding is likely 
driven by cation-π interactions and potentially by π-π stacking with the guanidinium of Arg.  
Selectivity can be attributed to the increased cation-π interactions with higher methylation 
states of Lys and the increased cost of desolvation for lower methylation states.  
Unfortunately BD2 aggregates in solution, likely because of its hydrophobic core and the 
propensity for naphthalenes to aggregate through π-stacking interactions in aqueous solution.  
While this aggregation phenomenon halted further exploration of binding properties and 
affinities, the significant amplification of BD2 in the presence of Arg peptides is promising 
for the future development of Arg-selective receptors.  While binding to methylated Lys and 
the aggregation phenomenon must be minimized in future receptors, the BD2 framework can 
be easily modified through functionalization of the carboxylates as well as through the use of 
isomeric monomers to D and B in DCC libraries. 
 
Figure 1.31. Schematic representation of DCC libraries for the synthesis of BD2.  Two of the 
three possible BD2 isomers are shown with aromatic binding pockets capable of forming both 
cation-π interactions and electrostatic interactions with the carboxylates on the exterior of the 
pocket. 
 In an additional approach to generating selective methylated Arg receptors for 
biological applicability, we began to explore DCC libraries that could produce box-like 
rhomboidal or rectangular receptors with flat sides and strong π-stacking characteristics.  
Recently Otto and coworkers132 produced a set of libraries using monomers C and G (Figure 
1.32) to produce a variety of macrocycles with flat edges.  These receptors bound a variety of 
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methylated guests, but despite 32 guests being included in the report, guanidinium species 
were not included in their assessment of the DCC libraries or binding affinities. 
 We have identified multiple receptors that bind to KMe3 selectively over KMe2, but 
we have isolated only one receptor that binds RaMe2.  While this provides strong evidence 
that the A2- cleft plus an additional aromatic group encourages selective binding for KMe3 in 
the hydrophobic, aromatic pocket, these findings also suggest the importance of macrocycle 
geometry and ability to contribute to strong π-stacking.  
b. Project Design 
 With evidence that the receptor shape is important and that naphthalene-derived 
monomers may assist in binding to guanidinium ions because of their propensity for π-
stacking, we generated a small library of anionic monomers capable of forming box like 
macrocycles (Figure 1.32).  Initial libraries were designed to determine the most likely 
potential receptors for methylated Arg with selectivity for a methylation state of Arg over 
KMe3.  Libraries were set up as 500 µL test libraries with a concentration of 1 mM of each 
monomer and a guest (Ac-XGGY-NH2, X=KMen, where n = 0-3, or RMem, where m = 0-2) 
concentration equivalent to the total monomer concentration, up to 4 mM, in 50 mM borate 
buffer at pH 8.5.  Tyr was used as a tag for concentration determination by UV.  The 
concentration was reduced from 5 mM in typical DCC libraries to 1 to encourage more 
selective amplification of receptors with high binding affinity.  The high buffer concentration 
helps to maintain monomer, oligomer and macrocycle water solubility, as well as increase 
the reproducibility of DCC libraries.  
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Figure 1.32. Monomers used in box DCC libraries targeting receptors that selectively 
recognize methylated Arg. 
In addition to monomers B and D, monomers C and G were reported by Otto and 
coworkers in 2013.132  Monomer F was also reported by our group in 2010,92 but was not 
extensively characterized for its incorporation into a variety of macrocycles.  The primary 
monomers studied in the initial exploratory DCC libraries included C, E, G, and H.  The 
para-substituted thiols on monomer C were used successfully in a previous study to produce 
box libraries in combination with monomer G.  The number and positioning of hydrogen 
bonds in aromatic binding pockets of proteins have been shown to influence the binding 
affinity and selectivity between different PTMs.  Monomer E was synthesized as a 
decarboxylated derivative of C in order to provide insight into the contribution of the 
additional carboxylate in the aromatic macrocycles.  Monomers G and H were expected to 
provide excellent π-stacking motifs for interactions with methyl-Arg.  Monomer H also has 
para-substituted thiols and was synthesized as a naphthalene derivative of monomer C.  
Instead of a carboxylate, monomer H provides an additional aromatic ring capable of 
extending the π-stacking surfaces of macrocycles as well as deepening the hydrophobic 
pocket and providing additional cation-π interactions with an Arg side chain.  Monomer J 
was synthesized from (+/-)-binol to serve as a surrogate for monomer A in the Arg libraries.  
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The two naphthalene motifs are not parallel and have some freedom to rotate around the 
bond at the 1,1’-position.  Incorporation of J into macrocycles can provide flexible bends or 
corners in the macrocycles, alongside large naphthalene rings that provide a hydrophobic, 
aromatic corner for cation-π and π-π stacking interactions. 
ii. Initial Results 
 Five initial libraries were set up to provide insight into the incorporation of monomers 
into macrocycles and to monitor monomer behavior over time.  Library samples were mixed 
and stored in capped vials.  Prior to HPLC analysis, libraries were filtered and transferred to 
mass spectrometry vials with 200-300 µL inserts.  No libraries exhibited visible precipitation 
or changed color after 2, 5, and 12 days post-mixing.  Library composition was chosen 
carefully in order to minimize mass degeneracies (B = E = F, D = G = H) but still maximize 
the potential to identify new receptors.  In order to encourage the formation of rhomboidal 
structures, each of the first five libraries contained at least one naphthalene derivative (G) 
and one benzene derivative (E or F).  The para-substitution of the thiols on monomer H 
enables it to act as both a naphthalene and benzene derivative and we anticipate a number of 
novel receptor geometries to be observed during these studies. 
a. Library 1: C + G 
 Otto and coworkers132 successfully used monomers C and G in DCC libraries to 
produce a surprisingly large library of receptors capable of binding a variety of water soluble, 
aliphatic amines.  Most of the receptors were amplified to similar extents by multiple guests, 
showing little selectivity between guests and moderate binding affinity (Kd was 
approximately 10-100 µM for the majority of the guests studied), with the exception of 
spermine, which binds to a tetramer of C with nanomolar affinity.  This report showcased the 
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versatility of monomers C and G and the prospect of further advancement of these receptors 
through subtle modifications to monomer or receptor structure.  
In order to generate novel box receptors, we chose to mimic Otto’s general benzene 
plus naphthalene library strategy.  We sought to generate a wide variety of receptors capable 
of binding a variety of guests.  Following subsequent characterization of receptor binding 
affinities, selectivities and mechanisms, we would devise custom tailoring for the new 
receptors to impart or improve inherent binding selectivity and affinity.  We began our 
exploration of box libraries with monomers C and G as a general DCC library capable of 
synthesizing a large variety of macrocycles as potential receptors for methylated Arg.  
Because the monomers are easily modified by changing the substitution pattern on the 
aromatic rings, or by functionalizing the carboxylate, these initial receptors could provide a 
general platform for further diversification to impart tighter binding and greater selectivity 
for targets of interest. 
 The initial library with monomer C (1 mM), monomer G (1 mM) and guest (2 mM) 
showed significant amplification of multiple isomers of CG3, which is similar in size and 
shape to A2D, in the presence of higher methylation states of Arg.  Amplification of this 
macrocycle was at the expense of the thermodynamically favorable G4 G4 and CG3 G4 
catenanes that dominated the untemplated libraries (Figure 1.33, peaks at 25-27 minutes).  
Unfortunately, species containing more than one C monomer, including the C2G2 species, 
co-eluted or eluted prior to the DCC guest and were difficult to characterize.  Nonetheless, 
little to no amplification of any species prior to 14 minutes was observed in any of the 
libraries, suggesting little to no binding selectivity for these species.  Future method 
development for monitoring these libraries will focus on monitoring these hydrophilic 
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species.  Ultimately, while the amplification CG3 species suggests that it prefers to bind 
RaMe2 to the other Arg residues, it is amplified significantly more in the presence of KMe3, 
suggesting that it will bind to KMe3 more tightly than methylated Arg.   
 
Figure 1.33. HPLC trace at 254 nm of DCC library containing monomers C (1 mM) and G 
(1 mM) in 50 mM sodium borate buffer, pH 8.5 with varying guests (2 mM), 12 days post-
mixing. The peak at 18 minutes, which corresponds to CG3, is amplified in the presence of 
RaMe2 more than any other Arg; however, it is amplified in the presence of KMe3 the most. 
b. Library 2: E + G 
 Libraries containing monomers E (1 mM) and G (1 mM) with guests (2 mM), 
varying the methylation state of Arg, were run in order to investigate the importance of the 
extra carboxylate on monomer C, and to improve receptor hydrophobicity.  Interestingly, 
while the libraries in the presence of guests differed significantly from the blank library 
(Figure 1.34), little differences are observed between guest-containing libraries.  Small 
amplification of a few species can be observed in the presence of RaMe2, primarily the 
species at 25.5 minutes, which could not be identified by LC/MS; however, no significant 
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amplification is observed.  The large peak at 19.5 minutes in the blank library is likely due to 
instrumental error, but does not significantly affect the results described in this section.  Due 
to lack of remaining sample, the injection was not repeated.   
This library did show amplification of EG3 and E2G2 species in the presence of Arg 
peptides, which was consistent with data obtained after two days of mixing as well as 12 
days.   This data suggests both the CG3 and EG3, as well as E2G2 receptors interact with Arg 
guests but show little preference for a particular methylation state.  This specific library was 
not prepared in the presence of KMe3 and will be investigated in the future. 
 
Figure 1.34. HPLC trace at 254 nm of DCC library containing monomers E (1 mM) and G 
(1 mM) in 50 mM sodium borate buffer, pH 8.5 with varying guests (2 mM), 12 days post-
mixing. 
c. Library 3: C + E + G 
 Combination of both C and E in the presence of G provides a greater diversity in 
library composition.  In addition to the receptors identified in the previous two-member 
libraries, a variety of new species was observed, including multiple isomers of CEG2, which 
were identified in the mass spectrometry traces, but could not be correlated to peaks in the 
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UV chromatogram.  The limit of detection of LC/MS experiments was too low to correctly 
identify mass to peak associations, so no amplification data could be obtained.  The peaks at 
15.5 minutes (highlighted in red box in Figure 1.35) and 19 minutes (labeled CG3) show a 
very clear preference for RaMe2, followed by RMe over RsMe and Arg, which is consistent 
with the reported binding affinities of A2D for the different methylation states of Arg.  
Additionally, two consecutive peaks in the KMe3 library were amplified (17 minutes, blue 
box, and 18 minutes), but were not clearly identified by mass.  Because we were unable to 
identify many of the masses in the LC/MS, future libraries will be run at higher monomer 
and guest concentration.  Increases in LC/MS pressure also suggest that additional monomer 
purification, such as recrystallization post-hydrolysis may also be necessary for monitoring 
these libraries.  These additional purification steps are not generally necessary for 
exploratory libraries.  These libraries show good diversification and some amplification in 
the presence of Arg guests and are worth pursuing if general precautions and care in sample 
preparation are practiced while handling these monomers and libraries. 
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Figure 1.35. HPLC trace at 254 nm of DCC library containing monomers C (1 mM), E (1 
mM) and G (1 mM) in 50 mM sodium borate buffer, pH 8.5 with varying guests (3 mM), 12 
days post-mixing.  Unlabeled peaks could not be correctly associated to corresponding 
masses on the LC/MS because of significant peak and mass overlap. A species amplified in 
the presence of RaMe2 at 15.5 minutes is highlighted by a red box, and an amplified species 
in the presence of KMe3 at 17 minutes is highlighted in with a blue box. 
d. Library 4: C + E + G + H 
 The combination of four monomers generated a very large library that was difficult to 
analyze by rp-HPLC and showed little to no separation by LC/MS.  A variety of species was 
identified; however, due to LC/MS restrictions and library solubility the peaks in LC/MS and 
analytical HPLC traces could not be correlated.  Interestingly, these complex libraries did 
show significant promise for producing a novel receptor for RMe (Figure 1.36).  A 
significant peak that elutes at 21-22 minutes (red box), as well as a smaller peak at 25 
minutes (green box) is amplified exclusively in the presence of RMe.  Unfortunately, the 
potential RMe receptor could not be identified by LC/MS.  With increasing library diversity, 
the concentration of each library member decreases.  In this library, most of the species are at 
the lower limit of detection for UV detection on the LC/MS. Many of the detectable species 
in the library co-eluted, making identification impossible.  Library solubility also seemed to 
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affect LC/MS performance, as we observed steady increases in pressure following each 
injection, limiting our ability to optimize LC conditions.  These issues with pressure and 
detection are not general to DCC libraries, but suggest that additional purification of library 
monomers may be necessary for future studies.  Additionally, the mass degeneracy between 
monomers G and H significantly limits our ability to identify species by LC/MS.   
Fortunately, the composition of the RMe receptor can be elucidated with a 
combination of DCC libraries, as well as biased libraries.  Because this species was not 
identified in any previous library, and monomer H is the only new species in this library, this 
new species contains monomer H.  Three additional libraries with monomer H in the 
presence of RMe can be used to elucidate the building blocks in this receptor.  These future 
libraries are as follows: C + E + H, which would elucidate whether or not G is present in the 
receptor; if G is not present, then a library containing C + H and a library containing E + H 
could be analyzed to determine which building blocks are present in the receptor through a 
process of elimination.  If G is present, two different libraries would be used to determine the 
building blocks present: C + G + H, and E + G + H, followed by process of elimination.  
This process could not be used to determine the stoichiometry of the building blocks; 
however, it would provide enough information to allow isolation of the sample through 
preparative libraries.  The structure would then be elucidated through a combination of NMR 
and mass spectrometry experiments.  If this receptor does bind RMe selectively, it would be 
the first synthetic receptor for RMe and could serve as a cornerstone in studying enzymatic 
Arg monomethylation. 
Interestingly, the peak at 16 minutes (blue box), which was identified in DCC Library 
3 (Figure 1.35), is amplified the most in the presence of RaMe2.  CG3 is also amplified the 
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most in the presence of RaMe2, which is consistent with DCC Library 1 (Figure 1.33).  
Persistent amplification of library species in the context of different libraries is another 
indication of binding affinity.  Future work with these libraries should produce a number of 
novel receptors. 
This library was also prepared in the presence of KMe3, but is omitted from Figure 
1.35 due to a shift in the spectrum, which occurred because the libraries were prepared and 
analyzed on different days.  The receptors previously identified for amplification in the 
presence of KMe3 persisted in this library, suggesting right binding. 
 
Figure 1.36. A. HPLC trace at 254 nm of DCC library containing monomers C (1 mM), E (1 
mM), G (1 mM) and H (1 mM) in 50 mM sodium borate buffer, pH 8.5 with varying guests 
(4 mM), 13 days post-mixing. B. Overlaid HPLC traces of libraries containing each guest. 
Blue, red, and green boxes highlight peaks at 16 minutes, 21.5 minutes, and 25 minutes, 
respectively, in order to emphasize selective amplification of library species. 
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e. Library 5: B + C + D + E + G + H 
 In order to maximize the diversity of library members and determine the limit of 
diversity we can explore by HPLC, a library containing monomer B, C, D, E, G, and H was 
set up.  As expected, the library had too many species (Figure 1.37) to be identified and the 
concentration of each member was below the limit of detection for the LC/MS.  Intriguingly, 
the CG3 species identified in previous libraries cannot be identified in this library.  
Conversely, the peak at 16 minutes, which is amplified the most in the presence of RaMe2 
was persistent across DCC Libraries 3, 4, and 5, suggesting that it contains both monomers C 
and E and has strong affinity for RaMe2.  The receptor for RMe at 21-22 minutes was also 
present in this large library and showed significant amplification in the presence of RMe over 
the other methylated Arg guests, although it appears as though there is significant peak 
overlap around 21-22 minutes.  While identification of the composition of any library species 
was difficult, this exercise confirmed the presence of a selective RMe receptor and provided 
evidence that CG3 may be a weaker binder than the species that elutes at 16 minutes.   
 
Figure 1.37. HPLC trace at 254 nm of DCC library containing monomers B (1 mM), C (1 
mM), D (1 mM), E (1 mM), G (1 mM) and H (1 mM) in 50 mM sodium borate buffer, pH 
8.5 with varying guests (4 mM), 13 days post-mixing.  Red, and blue boxes highlight peaks 
at 16 minutes and 21.5 minutes, respectively, emphasizing selective amplification. 
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iii. Future Directions 
 These initial results highlight promising aspects of these DCC libraries and their 
potential to produce tight binding receptors with high selectivity for methylated Arg.  
Receptor CG3 will be pursued as a KMe3 binder, potentially providing additional iterative 
redesign strategies for monomers because of the ease of derivatization of monomer C and G 
carboxylates and aromatic rings relative to monomer A.  Future library screenings at higher 
concentration (5 mM of each monomer) should facilitate easier characterization of library 
species by LC/MS.  By correlating peaks in the analytical HPLC traces with masses from 
LC/MS traces, subsequent libraries can be carried out at low concentrations in order to only 
amplify receptors with tight binding affinity.  These low concentration libraries provide more 
evidence for strong binding receptors and are significantly more economical than high 
concentration libraries.  Additionally, the potential RaMe2 and RMe receptors will be fully 
explored.  The species that contains both monomers C and G and elutes at 16 minutes 
(Figure 1.35 & Figure 1.36) will be synthesized, isolated and characterized to provide insight 
into receptor binding mechanisms and provide direction for future monomers and receptor 
derivatization.  The RMe receptor may be identified by increasing library member 
concentration, and tight control of monomer purification may aid in library solubility.  If the 
receptor contains more than one G/H monomer a process of elimination approach to DCC 
library screening can be used to elucidate receptor composition.  Subsequent synthesis, 
isolation and characterization of the first synthetic RMe receptor could help pioneer efforts 
toward studying and understanding Arg monomethylation.  
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F. Experimental 
i. Synthesis of Monomer D 
Synthesis of Monomer D was achieved following a modified procedure for the 
synthesis of an isomeric compound, as described below.127 
 
Scheme 1.2. Synthesis of monomer D. 
a. Methyl-3,5-dihydroxy-2-naphthoate 
3,5-dihydroxy-2-naphthoic acid (1.5 g, 7.35 mmol) was dissolved in a solution of 
methanol (25 mL) and sulfuric acid (0.5 mL). The solution was heated to reflux for 10 hours 
and subsequently cooled to room temperature and diluted with ethyl acetate (100 mL). This 
solution was washed with water (3x, 25 mL), sodium bicarbonate (5% aqueous, 5x, 15 mL), 
and brine (2x, 10 mL). The organic extract was dried over magnesium sulfate and the solvent 
was removed by rotary evaporation under reduced pressure to afford a yellow solid, (1.5 g, 
94% yield) which was carried forward without further purification. If desired, the crude 
product can be recrystallized from isopropanol. 1H NMR (Acetone-d6, 400 MHz): δ = 9.084 
(s, 1H, OH), 8.510 (s, 1H, C-H), 7.649 (s, 1H, O-H), 7.463 (d, 1H, JH-H = 8 Hz, C-H), 7.203 
(t, 1H, JH-H = 8 Hz, C-H), 6.989 (dd, 1H, JH-H = 7.2, JH-H = 1), 4.055 (s, 3H, OCH3). MS 
(ESI-). Expected: 217.05 [M-H]-; Observed: 217.03 [M-H]-. 
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b. Methyl-3,5-bis((dimethylcarbamothioyl)oxy)-2-naphthoate 
Methyl-3,5-dihydroxy-2-naphthoate (2.04 g, 9.3 mmol) was dissolved in anhydrous 
DMF (8 mL) and cooled to 0 °C. To this solution was added 1,4-diazabicyclo[2.2.2]octane 
(4.1 g, 36.6 mmol) in three equivalent portions. To the resulting suspension, a solution of 
N,N-dimethylthiocarbamoyl chloride (4.6 g,37 mmol) in anhydrous DMF (8 mL,) was added 
dropwise over 15 minutes at 0 °C. The solution was allowed to warm to room temperature 
and stirred under inert atmosphere for 24 hours. The reaction mixture was poured into cold 
water (60 mL) and the resulting yellow precipitate was filtered. The crude product was 
recrystalized from acetonitrile and water to produce colorless crystals (2.68 g, 73 % yield). 
1H NMR (CDCl3, 400 MHz): δ = 8.616 (s, 1H, C-H), 7.865 (d, 1H, JH-H = 8 Hz, C-H), 
7.548 (t, 1H, JH-H = 8 Hz, C-H), 7.515 (s, 1H, C-H), 7.330 (d, 1H, JH-H = 8 Hz, C-H), 
3.911 (s, 3H, CH3), 3.506 (m, 12H, m, N-CH3). MS (ESI+). Expected: 393.09 [M+H]+; 
Observed: 393.23 [M+H]+. 
c. Methyl 3,5-bis((dimethylcarbamoyl)thio)-2-naphthoate 
Methyl-3,5-bis((dimethylcarbamothioyl)oxy)-2-naphthoate (2.68 g, 6.8 mmol) was 
dissolved in diphenyl ether (27 mL) and heated to 230 °C for 5 hours. The solution was 
cooled to room temperature and purified by flash column chromatography on silica gel. The 
diphenyl ether was eluted with hexanes and the product eluted with 65% ethyl acetate in 
hexanes to obtain a white crystalline solid. 1H NMR (CDCl3, 400 MHz): δ = 8.591 (s, 1H, C-
H), 8.517 (s, 1H, C-H), 8.000 (d, 1H, JHH = 8.4 Hz, C-H), 7.888 (d, 1H, JH-H = 6 Hz, C-H), 
7.582 (dd, 1H, JH-H = 7.6 Hz, JH-H = 0.8 Hz, C-H), 3.935 (s, 1H, CH3), 3.111 (m, 12H, N-
CH3). MS (ESI+). Expected: 393.09 [M+H]+; Observed: 415.20 [M+Na]+. 
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d. 3,5-dimercapto-2-naphthoic acid (D)  
Aqueous sodium hydroxide (2.0 M, 20 mL) was degassed for 2 hours. Methyl 3,5-
bis((dimethylcarbamoyl)thio)-2-naphthoate (0.249 g, 0.70 mmol) was added to the degassed 
sodium hydroxide and the solution was purged with nitrogen for 15 minutes. The solution 
was heated to reflux for 10 hours and cooled to room temperature. Degassed water (150 mL) 
was added to the solution followed by HCl (10%, 25 mL) to afford a bright yellow 
precipitate. The precipitate was filtered, washed with acidic water and dried under vacuum 
for 2 hours to give a pure yellow solid (0.138 g, 83% yield). 1H NMR (Acetone-d6, 400 
MHz): δ = 8.723 (s, 1H, C-H), 8.208 (s, 1H, C-H), 7.892 (d, 1H, JH-H = 8 Hz, C-H), 7.766 
(d, 1H, JH-H = 7.2 Hz, C-H), 7.401 (dd, 1, JH-H = 7.2 Hz, JH-H = 0.8 Hz), 5.442 (s, 1H, S-
H), 4.665 (s, 1H, S-H). MS (ESI-). Expected: 234.99 [M-H]-; Observed: 234.98 [M-H]-. 
ii. Synthesis of Monomer H 
Synthesis of Monomer H was achieved following a modified procedure for the 
synthesis of monomer D. 
 
Scheme 1.3. Synthesis of monomer H. 
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a. Methyl 1,4-dihydroxy-2-naphthoate 
A dry 100 mL flask was charged with 1,4-dihydroxy-2-naphthoic acid (1.99 g, 9.75 
mmol) and flushed with nitrogen.  To this flask, N,N-dimethylformamide (anhydrous, 20 
mL) and the starting material dissolved.  The solution was cooled to 0 °C and KHCO3 
(granular, oven-dried, 1.10g, 10.8 mmol, 1.1 equivalents). The solution was allowed to warm 
to room temperature and stirred for 20 minutes.  Methyl iodide (660 µL, 10.8 mmol, 1.1 
equivalents) was added dropwise and the solution was warmed to 40 °C in a water bath and 
reaction was monitored by TLC.  After 4 hours, upon the disappearance of the starting 
material, the solution was cooled to room temperature and poured into water (140 mL) to 
precipitate product and dissolve potassium iodide.  Sodium bicarbonate (saturated, 20 mL) 
was added to the solution to dissolve any unreacted starting material.  The solution was 
stirred for 10 minutes, filtered, and the filtrate washed with water and subsequently dried to 
afford pure product as a brown powder (1.93 g, 91% yield). 1H NMR (Acetone-d6, 400 
MHz): δ = 11.57 (s, 1H), 8.72 (s, 1H), 8.36 (d, 1H), 8.23 (d, 1H), 7.71 (m, 1H), 7.63 (m, 1H), 
7.21 (s, 1H), 4.00 (s, 3H). 13C NMR (600 MHz, Acetone-d6): δ = 172.21, 155.72, 155.03, 
129.72, 127.30, 126.44, 124.43, 123.23, 105.72, 105.11, 101.02, 53.00. MS (ESI-). Expected: 
217.05 [M-H]-; Observed: 217.00 [M-H]-. 
b. Methyl 1,4-bis((dimethylcarbamothioyl)oxy)-2-naphthoate 
Methyl 1,4-dihydroxy-2-naphthoate (1.0 g, 4.6 mmol) was dissolved in anhydrous 
DMF (8 mL) and cooled to 0 °C. To this solution was added 1,4-diazabicyclo[2.2.2]octane 
(2.1 g, 18 mmol) in two equivalent portions. To the resulting suspension, a solution of N,N-
dimethylthiocarbamoyl chloride (2.3 g,18 mmol) in anhydrous DMF (5 mL) was added 
dropwise over 5 minutes at 0 °C. The solution was allowed to warm to room temperature 
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under inert atmosphere and followed by TLC for 24 hours until reaction completion. The 
reaction mixture was poured into cold water (60 mL) and the resulting brown precipitate was 
filtered and washed with water. The crude product was recrystallized from acetonitrile and 
water to produce tan crystals (1.65 g, 92% yield). 1H NMR (CDCl3, 400 MHz): δ = 8.02 (d, J 
= 7.9 Hz, 1H) 7.83 (d, J = 7.9 Hz, 1H), 7.78 (s, 1H), 7.59 (m, 2H), 3.88 (s, 3H), 3.49-3.55 
(m, 12H). 13C NMR (600 MHz, CDCl3): δ = 187.28, 164.10, 149.09, 147.07, 130.44, 128.94, 
127.36, 124.03, 121.92, 119.76, 52.21, 43.37, 39.09, 38.96. MS (ESI+). Expected: 393.09 
[M+H]+; Observed: 393.01 [M+H]+. 
c. Methyl 1,4-bis((dimethylcarbamoyl)thio)-2-naphthoate 
Methyl 1,4-bis((dimethylcarbamothioyl)oxy)-2-naphthoate (1.00 g, 2.54 mmol) was 
dissolved in degassed diphenyl ether (26 mL) and heated to 240 °C for 5 hours. The solution 
was cooled to room temperature and purified by flash column chromatography on silica gel. 
The diphenyl ether was eluted with hexanes and the product eluted with 65% ethyl acetate in 
hexanes to obtain a white crystalline solid (0.831 g, 83% yield). 1H NMR (Acetone-d6, 600 
MHz): δ = 8.63-8.58 (m, 1H), 8.43-8.38 (m, 1H), 8.05 (s, 1H), 7.74-7.67 (m, 2H), 3.91 (s, 
3H), 3.25 (s, 6H), 2.97 (s, 6H). 13C NMR (Acetone-d6, 600 MHz, CDCl3): δ = 166.92, 
163.87, 163.58, 136.32, 136.14, 135.73, 134.66, 129.72, 128.29, 127.66, 127.54, 51.88, 
36.32, 36.10. MS (ESI+). Expected: 393.09 [M+H]+; Observed: 393.00 [M+H]+. 
d. 1,4-dimercapto-2-naphthoic acid (H) 
Methyl 1,4-bis((dimethylcarbamoyl)thio)-2-naphthoate (0.1 g, 0.25 mmol) was 
dissolved in degassed methanol (1.0 mL).  A degassed solution of aqueous sodium hydroxide 
was added to the stirring reaction and the solution was purged with nitrogen for 5 minutes.  
The solution was heated to 100 °C for 24 hours to ensure complete global deprotection. The 
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solution was cooled to room temperature and poured into degassed water (5 mL), followed 
by HCl (10%, 2 mL) to afford a bright yellow precipitate.  The precipitate was filtered, 
washed with acidic water and dried under vacuum to give a pure yellow solid (0.024 g, 40 % 
yield, unoptimized). 1H NMR (MeOD-d3, 400 MHz): δ =8.35 (d, 1H), 8.22 (s, 1H), 8.14 (d, 
1H), 7.73 (m, 1H), 7.68 (m, 1H). MS (ESI-). Expected: 234.99 [M-H]-; Observed: 235.00 
[M-H]-.  
iii. Synthesis of Monomer J 
Synthesis of Monomer J was achieved following a modified procedure for the 
synthesis of monomer D following the synthesis of a dicarboxylic acid derivative of rac-
Binol.133–135 
 
Scheme 1.4. Synthesis of monomer J. 
a. 6,6’-dibromo-[1,1’-binaphthalene]-2,2’diol133  
[1,1’-binaphthalene]-2,2’diol (10.0 g, 34.9 mmol) was added to a dry, nitrogen-
flushed flask and the system purged with nitrogen.  DCM (190 mL) was added to the flask 
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and the solution was cooled to -78 °C in a dry ice, acetone bath. Bromine (14.9 g, 2.67 
equivalents) was added dropwise to the solution and the reaction proceeded at -78 °C for 2.5 
hours.  The reaction was warmed to room temperature and reacted for an additional 30 
minutes.  The reaction was quenched upon the addition of sodium bisulfite (10% aqueous, 
180 mL), and the organic phase collected and washed with brine (3x, 20 mL).  The solution 
was dried over magnesium sulfate, filtered, and solvent removed under reduced pressure to 
afford an off-white solid.  This solid was recrystallized in CHCl3/hexanes to afford fluffy 
white crystals (19.0 g, 98% yield).  1H NMR (CDCl3, 400 MHz) δ = 8.06 (s, 2H), 7.90 (d, 
2H), 7.41 (d, 2H), 7.38 (dd, 2H), 6.97 (d, 2H), 5.014 (s, 2H). 13C NMR (CDCl3, 600 MHz): δ 
= 152.91, 131.80, 130.81, 130.67, 130.53, 130.40, 125.81, 118.91, 117.96, 110.52. MS   
(ESI-). Expected: 442.91 [M-H]-; Observed: 442.86 [M-H]-. 
b. 2,2’-dihydroxy-[1,1’binaphthalene]-6,6’-dicarbonitrile134 
6,6’-dibromo-[1,1’-binaphthalene]-2,2’diol (12.3g, 27.7 mmol) was dissolved in 
DMF (61.5 mL) and CuCN (6.2 g, 2.5 equivalents) was added.  The system was flushed with 
nitrogen and heated to 130 °C for 4 days.  Most of the DMF was removed under vacuum to 
afford a brown sludge.  This reaction mixture was washed extensively with ethyl acetate and 
water until only insoluble powder remained.  The organic phase was washed with 5% NaCl 
(3x, 20 mL), brine (2x, 10 mL), dried over magnesium sulfate, filtered, and the solvent 
removed under reduced pressure to afford a tan powder (9.17 g, 98% yield) pure enough for 
most uses. MS (ESI-). Expected: 335.08 [M-H]-; Observed: 335.05 [M-H]-. 
c. 2,2’-dihydroxy-[1,1’-binaphthalene]-6,6’-dicarboxylic acid135 
2,2’-dihydroxy-[1,1’binaphthalene]-6,6’-dicarbonitrile (2.3 g, 6.8 mmol) was 
suspended in aqueous sodium hydroxide (6N, 10.3 mL) and the solution heated to reflux for 
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22 hours.  The solution was cooled to room temperature, diluted with H2O (15 mL) and 
acidified upon the addition of concentrated HCl (20 mL) to form a white precipitate.  The 
solution was filtered to afford the product (2.34 g, 91% yield) as an off-white powder, which 
was used without further purification. 1H NMR (DMSO-d6, 600 MHz): δ = 12.77 (s, 2H,), 
8.55 (d, J = 1.8 Hz, 2H), 8.07 (d, J = 8.9 Hz, 2H), 7.68 (d, J = 8.8 Hz, 2H), 7.40 (d, J = 8.9 
Hz, 2H), 6.99 (d, J = 8.9 Hz, 2H). 13C (DMSO-d6, 600 MHz): δ = 167.64, 155.32, 136.32, 
130.95, 130.67, 127.10, 125.47, 124.55, 124.40, 119.35, 115.13. MS (ESI-). Expected: 
373.07 [M-H]-; Observed: 372.97 [M-H]-. 
d. Dimethyl 2,2’-dihydroxy-[1,1’-binaphthalene]-6,6’-dicarboxylate 
 2,2’-dihydroxy-[1,1’-binaphthalene]-6,6’-dicarboxylic acid (1.15 g, 3.07 mmol) was 
dissolved in anhydrous DMF (10 mL) and cooled to 0 °C. Potassium bicarbonate (0.342 g, 
3.38 mmol, 1.1 equivalents) was added and the solution stirred for 15 minutes.  Methyl 
iodide (0.48 g, 3.4 mmol, 1.1 equivalents) was added dropwise and the solution heated to 
40°C.  After stirring for 3 hours, a second equivalent of potassium bicarbonate (0.34 g, 3.4 
mmol) was added, followed by dropwise addition of methyl iodide (0.48 g, 3.4 mmol) and 
the solution was stirred for 15 hours at 40 °C.  The reaction was quenched by the addition of 
H2O (70 mL) to form a white precipitate.  The solution was filtered and washed extensively 
with warm H2O to afford a white powder (1.18 g, 96% yield), which was used without 
further purification. MS (ESI-). 1H NMR (Acetone-d6, 400 MHz): δ = 8.639 (s, 2H), 8.149 
(d, J = 8.8 Hz, 2H), 7.804 (d, J = 8.8 Hz, 2H), 7.467 (d, J = 8.8 Hz, 2H), 7.144 (d, J = 8.8 Hz, 
2H), 3.914 (s, 6H). Expected: 401.10 [M-H]-; Observed: 401.09 [M-H]-. 
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e. Dimethyl 2,2’-bis((dimethylcarbamothioyl)oxy)-[1,1’binaphthalene]-6,6’-
dicarboxylate 
 Dimethyl 2,2’-dihydroxy-[1,1’-binaphthalene]-6,6’-dicarboxylate (0.80 g, 1.9 mmol) 
was dissolved in anhydrous DMF (8 mL) and cooled to 0 °C. To this stirring solution, 1,4-
diazabicyclo[2.2.2]octane (1.3 g, 11.9 mmol) was added in two equivalent portions and the 
resulting suspension stirred for 15 minutes. N,N-dimethylthiocarbamoyl chloride (1.5 g, 11.9 
mmol) was dissolved in anhydrous DMF (4 mL) and added dropwise over 5 minutes at 0 °C. 
The solution was allowed to warm to room temperature under inert atmosphere and followed 
by TLC for 10 hours until reaction completion. The reaction mixture was poured into cold 
water (84 mL) and the resulting white precipitate was filtered and washed extensively with 
warm water to afford a white powder, (1.10 g, 95% yield) which was used without further 
purification. 1H NMR (Acetone-d6, 400 MHz): δ = 8.751 (d, J = 1.6 Hz, 2H), 8.297 (d, J = 
8.8 Hz, 2H), 7.856 (dd, J1 = 1.9 Hz, J2 = 9.0 Hz, 2H), 7.710 (d, J = 8.8 Hz, 2H), 7.448 (d, J = 
8.8 Hz, 2H), 3.951 (s, 6H), 3.084 (s, 6H), 2.819 (s, 6H). MS (ESI+). Expected: 577.15 
[M+H]+; Observed: 577.09 [M+H]+. 
f. Dimethyl 2,2’-bis((dimethylcarbamoyl)thio)-[1,1’-binaphthalene]-6,6’-dicarboxylate 
Dimethyl 2,2’-bis((dimethylcarbamothioyl)oxy)-[1,1’binaphthalene]-6,6’-
dicarboxylate (0.30 g, 0.52 mmol) was suspended in diphenyl ether (3.0 mL) and heated to 
250 °C and monitored by TLC for 6 hours.  Upon reaction completion, the solution was 
cooled to 40°C and poured into warm hexanes (15 mL).  The product was purified by column 
chromatography on silica gel to afford a white powder (0.24 g, 80% yield). 1H NMR (CDCl3, 
600 MHz): δ = 8.68 (d, J = 1.7 Hz, 2H), 8.10 (dd, J = 8.8 Hz, 0.8 Hz, 2H), 7.87 (d, J = 8.7 
Hz, 2H), 7.81 (dd, J = 8.9 Hz, 1.8 Hz, 2H), 7.14 – 7.09 (m, 2H), 3.95 (s, 3H) 2.85 (s, 6H), 
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2.72 (s, 6H). 13C (CDCl3, 600 MHz): δ = 166.99, 165.43, 140.06, 135.02, 133.92, 132.37, 
131.55, 130.89, 129.53, 128.14, 126.92, 126.01, 52.30, 36.79. MS (ESI+). Expected: 577.15 
[M+H]+; Observed: 577.09 [M+H]+. 
g. 2,2’-dimercapto-[1,1’-binaphthalene]-6,6’-dicarboxylic acid (Binam) 
Dimethyl 2,2’-bis((dimethylcarbamoyl)thio)-[1,1’-binaphthalene]-6,6’-dicarboxylate 
(0.035 g, 0.06 mmol) was suspended in a potassium hydroxide solution (4.0 mL, 50% H2O in 
diethylene glycol) which had been degassed under bubbling nitrogen for 2 hours.  The 
solution was heated to 100 °C and stirred under positive nitrogen pressure for 72 hours to 
ensure reaction completion.  The solution was cooled to room temperature and diluted with 
degassed H2O (50 mL) and HCl (6 M) was added to afford a beige precipitate.  The resulting 
powder was collected by centrifugation (6,000 rpm, 5 minutes) and washed by sonication in 
degassed water (3x, 25 mL) to remove diethylene glycol.  The product was collected as a 
suspension in degassed water, frozen, and lyophilized to afford a pure beige powder (0.018 g, 
73% yield). 1H NMR (Acetone-d6, 400 MHz): δ = 8.75 (s, 2H), 8.21 (d, 2H), 7.89 (m, 4H), 
7.05 (d, 2H), 13C (Acetone-d6, 600 MHz) δ = 167.55, 137.04, 132.42, 131.51, 129.51, 128.36, 
125.57. MS ESI(-). Expected: 405.03 [M-H]-; Observed: 405.06 [M-H]-. 
ii. Dynamic Combinatorial Chemistry 
a. General Library Preparation 
The relevant building blocks were individually dissolved in water, adding sufficient 
1.0 M aqueous NaOH to fully deprotonate the thiols and carboxylic acids on the building 
blocks, using sonication when necessary. The pH of each solution was then adjusted to 8.5 
using 1.0 M aqueous HCl and 1.0 M aqueous NaOH. Aliquots of each monomer solution 
were combined in a 2 mL LC/MS vial to reach a final concentration of 5 mM A and 2.5 mM 
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D, respectively. When necessary, an aliquot of the appropriate peptide guest dissolved in 
water was added to the reaction to reach a final concentration of 7.5 mM peptide. Any 
remaining volume was made up with water. The vials were capped and analyzed by 
HPLC/MS at various time points. 
b. Box Library Preparation 
DCC libraries were prepared from stock solutions of relevant monomers in 50 mM 
sodium borate buffer, pH 8.5.  Buffer was used to assist in solvation of monomers; to 
improve library member solubility throughout the duration of equilibration; to maintain the 
pH of the library solution; and to ensure reproducibility in library conditions, including pH 
and ionic strength.  Library members were combined to give final concentrations of 1 mM 
for each monomer, and guest concentration equal to the total monomer concentration, unless 
the number of guests was greater than four, in which case the final guest concentration was 4 
mM.  Libraries were mixed in small Eppendorf tubes at a total volume of 400 µL and 
allowed to oxidize and equilibrate for up to three weeks.  At various time intervals, 100 µL 
aliquots were removed, filtered with 0.22 µm PVDF syringe filter, and analyzed by reverse 
phase HPLC under buffered conditions (see section iii).  
iii. Analytical HPLC 
Small aliquots (~ 150 µL) of DCC libraries were filtered using 0.22 µm PVDF filters 
into mass spectrometry vials, fitted with 250 µL inserts and screw-on LC/MS caps.  Libraries 
were analyzed after 2, 8, and 14 days on a Waters analytical reverse-phase HPLC with C-18 
column and flow rate of 1.0 mL/min.  Libraries were analyzed on an optimized gradient of A 
and B (A: 10 mM NH4OAc in H2O, B: 10 mM NH4OAc in 90% CH3CN, 10% H2O) and 
elution was monitored at 214 nm and 280 nm.  In the case of amplification of species, 
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libraries were analyzed by reverse-phase LC-MS on an Agilent with a C-18 column and 
electrospray MS.   
iv. Analytical LC/MS 
Analytical LC/MS was performed on an Agilent Rapid Resolution LC-MSD system, 
equipped with an online degasser, binary pump, autosampler, heated column compartment, 
and diode array detector.  All separations were performed at 40 °C in optimized gradients 
with mobile phases of H2O (5 mM NH4OAc) and CH3CN (95% CH3CN, 5% H2O, 5 mM 
NH4OAc) at pH 5.5 on a Halo C18 column, 4.6 Å ~ 100 mm, 2.7 micron).  The MS was 
performed using a single quad mass spectrometer and all peaks were identified by negative 
electrospray ionization. Peak areas were integrated at 280 nm to measure the absorbance 
maximum of the disulfide bond. 
v. Synthesis of A2D  
Biased libraries were prepared on a 0.05 mmol scale (A: 35.6 mg, 0.1 mmol, 6.67 
mM; D: 11.8 mg, 0.05 mmol, 3.33 mM) templated with methylisoquinoline iodide (41.0 mg, 
0.15 mmol, 10 mM). Methylisoquinoline iodide was used as the template as it is less 
expensive than the aRMe2 peptide and also templates A2D formation. Upon equilibration the 
libraries were neutralized and the receptors were isolated by semi-preparative HPLC. 
Approximately 0.3 mL injections were chromatographed using buffered mobile phases A (10 
mM NH4OAc in water) and B (10 mM NH4OAc in 9:1 ACN to water) using a gradient (0-
35% B from 0-5 min, then 35-70% B from 5-20 min) with a flow rate of 4.0 mL/min. A 
sharper A2D peak was achieved with a column heater set to 40°C, but this was not necessary 
for separation from the library. The A2D peak at 13.5 minutes was collected (Figure 1.26) 
and analyzed for purity by analytical LC-MS (Figure 1.38).  Purified A2D was lyophilized to 
96	  
powder and stored under nitrogen. Isolated yield = 45%. B. 1H NMR (600 MHz, D2O, borate 
buffer, pD 9.25, uncorrected): δ = 8.20 (s, 1H), 8.18 (s, 1H), 8.07 (s, 1H), 8.04 (d, 1H), 7.99 
(s, 1H), 7.97 (d, 1H), 7.81 (d, 1H), 7.73 (s, 1H), 7.61 (d, 1H), 7.05 (d, 1H), 6.82 (s, 1H), 6.46 
(d, 1H), 5.95 (s, 1H), 5.75 (d, 1H), 5.72 (s, 1H), 5.58 (s, 1H), 5.34 (d, 1H), 5.30 (s, 1H), 5.22 
(s, 1H), 3.10 (dd, 1H), 2.93 (d, 1H). MS (ESI-). Expected: 940.98 [M-H]-; Observed: 941.0 
[M-H]+. 
 
Figure 1.38. Mass spectrum of A2D. 
vi. Extinction coefficient determination of A2D 
The extinction coefficient of A2D was estimated to be the sum of the extinction 
coefficients of its components, two A monomers and one D monomer. Monomer A (10 mg, 
0.028 mmol) was dissolved in 10 mM sodium phosphate buffer (11 mL, pH 8.4) to make a 
2.5 mM solution.  Monomer D (8 mg, 0.034 mmol) was dissolved in 10 mM sodium 
phosphate buffer (13.5 mL, pH 8.4).  Upon equilibration for one day at room temperature, the 
UV-Vis absorbance spectra were acquired for each monomer solution.  The extinction 
coefficient at 267 nm was determined for each monomer using a serial dilution of 0.05 mM 
97	  
to 2.5 mM of dissolved monomer.  Extinction coefficients of 8,500 cm-1M-1 and 10,500 cm-
1M-1 were determined for A and D solutions respectively to yield an extinction coefficient of 
27,500 cm-1M-1 for A2D at 267 nm in 10 mM sodium phosphate buffer, pH 8.4.  
vii. NMR Analysis of Binding Interactions:  
NMR experiments were performed on 600 MHz Bruker NMR at 25 °C, in 10 mM 
Na2DPO4/NaD2PO4 (pD 8.0 = pH 8.4) buffer with DSS (2.0 mM) as an internal standard. 
Peptide stock solutions were made (20−24 mM) and concentrations were determined with 
respect to DSS by NMR.  Peptides were diluted to a concentration of 600 µM. An NMR of 
each pure peptide was obtained for comparison, and the 600 µM peptide stock solution was 
then used to dissolve A2D (3.2−3.5 equiv) to give a final concentration of 2−2.2 mM A2D in 
600 µM peptide.  1D spectra were collected for each sample with 128−512 scans.  All Arg 
protons were assigned using TOCSY analysis with and without A2D present. 
viii. Isothermal Titration Calorimetry:  
ITC titrations were performed on a Microcal AutoITC200. Titrations were carried out 
at 298 K in buffered H2O (10 mM Na2HPO4/NaH2PO4, pH 8.4). The concentration of A2D 
was determined by measuring the UV absorbance at 267 nm, using a NanoDrop2000 with a 
xenon flash lamp, 2048 element linear silicon CCD array detector, and 1 mm path length. A 
1−3 mM solution of peptide was titrated into an 80−200 µM solution of A2D, using 2.0 µL 
increments every 3 minutes. Heats of dilution were subtracted prior to fitting. Binding curves 
were produced using the supplied Origin software and fit using one- or two-site binding 
models. 
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ix. Peptide synthesis:  
All peptide synthesis was performed on a Tetras Peptide Synthesizer using Peptides 
International CLEAR-Amide resin. Peptides were synthesized on a 0.06 mmol scale. All 
amino acids with functionality were protected during synthesis. Coupling reagents were 
HOBt/HBTU in DMF. For the dipeptides, the N-terminus was acylated with a solution of 5% 
acetic anhydride and 6% 2,6-lutidine in DMF. Peptides synthesized for fluorescence 
anisotropy were capped with 2 equivalents of 5(6)-Carboxyfluorescein and coupled in the 
dark with standard coupling reagents overnight. Cleavage was performed by hand with a 
cocktail of 95% TFA/2.5% triisopropylsilane/2.5% H2O for 3 hours. Peptides were purified 
by semipreparative reverse-phase HPLC on a C18 column at a flow rate of 4 mL/min. 
Peptides were purified with a linear gradient of A and B (A: 95% H2O, 5% CH3CN with 
0.1% TFA, B: 95% CH3CN, 5% H2O with 0.1% TFA) and elution was monitored at 214 nm. 
Once purified, peptides were lyophilized to powder and characterized by ESI-MS.  Peptides 
used in binding studies were desalted and repurified by semipreparative reverse-phase HPLC 
with a C-18 column and buffered mobile phase.  Peptides were purified using an optimized 
gradient of A and B (A: 100% H2O, 10 mM NH4OAc; B: 90% CH3CN, 10% H2O, with 10 
mM NH4OAc).  The ammonium salts were removed under reduced pressure for three to five 
days after the samples were dry.  
Methylated peptides were synthesized with either 2 equivalents of Fmoc-
Lys(Boc)(Me)-OH purchased from BaChem or Fmoc-Lys(Me)2-OH•HCl purchased from 
Anaspec and coupled for 4 hours. The trimethyl lysine-containing peptides were synthesized 
by reacting the corresponding dimethylated peptides (0.6 mmol scale) prior to cleavage from 
the resin with MTBD (10.8 µL, 0.075 mmol) and methyl iodide (37.4 µL, 0.6 mmol) in DMF 
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(5 mL) for 5 hours with bubbling N2 in a peptide synthesis flask stoppered with a vented 
septum. After washing the resin with DMF (3x), CH2Cl2 (3x), and drying, the peptide was 
cleaved as normal. 
100	  
 
REFERENCES 
1. James, L. I., Beaver, J. E., Rice, N. W. & Waters, M. L. A synthetic receptor for 
asymmetric dimethyl arginine. J. Am. Chem. Soc. 135, 6450–5 (2013). 
2. Gregory, S. G. et al. The DNA sequence and biological annotation of human 
chromosome 1. Nature 441, 315–321 (2006). 
3. Mandelkern, M., Elias, J. G., Eden, D. & Crothers, D. M. The Dimensions of DNA in 
Solution. J. Mol. Biol. 152, 153–161 (1981). 
4. Richmond, R. K., Sargent, D. F., Richmond, T. J., Luger, K. & Ma, A. W. Crystal 
structure of the nucleosome core particle at 2.8 A resolution. Nature 7, 251–260 
(1997). 
5. Richards, E. J. & Elgin, S. C. R. Epigenetic codes for heterochromatin formation and 
silencing: rounding up the usual suspects. Cell 108, 489–500 (2002). 
6. Weiler, K. S. & Wakimoto, B. T. Heterochromatin and Gene Expression in 
Drosophila. Ann. Rev. Genet. 29, 577–605 (1995). 
7. Kubicek, S. Epigenetics: A Primer. Sci. (2011). at <http://www.the-
scientist.com/images/PDF/epigenetics_primer.pdf> 
8. Maniatis, T. & Tasic, B. Alternativev pre-mRNA splicing and proteome expansion in 
metazoans. Nature 418, 236–43 (2002). 
9. Walsh, C. T., Garneau-Tsodikova, S. & Gatto, G. J. Protein posttranslational 
modifications: The chemistry of proteome diversifications. Angew. Chem., Int. Ed. 
Engl. 44, 7342–7372 (2005). 
10. Rothbart, S. B., Krajewski, K., Strahl, B. D. & Fuchs, S. M. Peptide microarrays to 
interrogate the “histone code.”Methods Enzymol. 512, 107–35 (Elsevier Inc., 2012). 
11. Lee, D. Y., Teyssier, C., Strahl, B. D. & Stallcup, M. R. Role of Protein Methylation 
in Regulation of Transcription. Endocr. Rev. 26, 147–170 (2005).
101	  
 
12. Taverna, S. D., Li, H., Ruthenburg, A. J., Allis, C. D. & Patel, D. J. How chromatin-
binding modules interpret histone modifications: lessons from professional pocket 
pickers. Nat. Struct. Mol. Biol. 14, 1025–1040 (2007). 
13. Lo, W. S. et al. Phosphorylation of serine 10 in histone H3 is functionally linked in 
vitro and in vivo to Gcn5-mediated acetylation at lysine 14. Mol. Cell 5, 917–926 
(2000). 
14. Khorasanizadeh, S. The Nucleosome: From Genomic Organization to Genomic 
Regulation. Cell 116, 259–272 (2004). 
15. Strahl, B. D., Ohba, R., Cook, R. G. & Allis, C. D. Methylation of histone H3 at lysine 
4 is highly conserved and correlates with transcriptionally active nuclei in 
Tetrahymena. Proc. Natl. Acad. Sci. U. S. A. 96, 14967–14972 (1999). 
16. Turner, B. M. and the Histone Code. Cell 111, 285–291 (2002). 
17. McQuinn, K., McIndoe, J. S. & Hof, F. Insights into the post-translational methylation 
of arginine from studies of guanidinium-water nanodroplets. Chem. Eur. J. 14, 640–
653 (2008). 
18. Ambler, R. P. & Rees, M. W. Epsilon-N-methyl-lysine in bacterial flagellar protein. 
Nature 184, 56–57 (1959). 
19. Murray, K. The Occurrence of ε-N-Methyl Lysine in Histones. Biochemistry 3, 10–15 
(1964). 
20. Kim, S. & Paik, W. K. Studies on the Origin of ε-N-Methyl-L-lysine in Protein 
Studies on the Origin in Protein. J. Biol. Chem. 240, 4629–4634 (1965). 
21. Hempel, K. & Lange, H. W. e-N-Trimethyllysin, eine neue Aminosaure in Histonen. 
Naturwissenschaften 55, 37 (1968). 
22. Kim, S., Benoiton, L. & Paik, W. K. ε -Alkyllysinase: Purification and properties of 
the enzyme. J. Biol. Chem. 239, 3790–3796 (1964). 
23. Kim, S., Benoiton, L. & Paik, W. K. On the metabolism of e-N-methyl-L-lysine by 
rat-kidney homogenate. Biochim. Biophys. Acta 71, 745–747 (1963). 
24. Huang, R. C. & Bonner, J. Histone, a suppressor of chromosomal RNA synthesis. 
Proc. Natl. Acad. Sci. U. S. A. 48, 1216–1222 (1962). 
25. Paik, W. K., Paik, D. C. & Kim, S. Historical review: The field of protein methylation. 
TIBS 32, 146–52 (2007). 
102	  
26. Chen, D. et al. Regulation of Transcription by a Protein Methyltransferase. Science 
284, 2174–2177 (1999). 
27. Corlan, A. D. Medline trend: automated yearly statistics of PubMed results for any 
query. (2004). at <http://dan.corlan.net/medline-trend.html.> 
28. Martin, C. & Zhang, Y. The diverse functions of histone lysine methylation. Nat. Rev. 
Mol. Cell Biol. 6, 838–849 (2005). 
29. Marmorstein, R. Structure of SET domain proteins: a new twist on histone 
methylation. Trends Biochem. Sci. 28, 59–62 (2003). 
30. Kipp, D. R., Quinn, C. M. & Fortin, P. D. Enzyme-dependent lysine deprotonation in 
EZH2 catalysis. Biochemistry 52, 6866–78 (2013). 
31. Zhang, X. & Bruice, T. C. Enzymatic mechanism and product specificity of SET-
domain protein lysine methyltransferases. Proc. Natl. Acad. Sci. U. S. A. 105, 5728–32 
(2008). 
32. Collins, R. E. et al. In vitro and in vivo analyses of a Phe/Tyr switch controlling 
product specificity of histone lysine methyltransferases. J. Biol. Chem. 280, 5563–70 
(2005). 
33. Wu, H. et al. Structural biology of human H3K9 methyltransferases. PLoS One 5, 
e8570 (2010). 
34. Rice, J. C. et al. Histone Methyltransferases Direct Different Degrees of Methylation 
to Define Distinct Chromatin Domains. Mol. Cell 12, 1591–1598 (2003). 
35. Nishioka, K. et al. Set9 , a novel histone H3 methyltransferase that facilitates 
transcription by precluding histone tail modifications required for heterochromatin 
formation. Genes Dev. 16, 479–489 (2002). 
36. Nielsen, S. J. et al. Rb targets histone H3 methylation and HP1 to promoters. Nature 
16, 561–5 (2001). 
37. Wang, H. et al. mAM Facilitates Conversion by ESET of Dimethyl to Trimethyl 
Lysine 9 of Histone H3 to Cause Transcriptional Repression. Mol. Cell 12, 475–487 
(2003). 
38. Wang, H. et al. Cross-talk among epigenetic modifications: lessons from histone 
arginine methylation. Biochem. Soc. Trans. 41, 751–759 (2013). 
39. Musselman, C. A., Lalonde, M., Cote, J. & Kutateladze, T. G. Perceiving the 
epigenetic landscape through histone readers. Nat. Struct. Mol. Biol. 19, 1218–1227 
(2012). 
103	  
40. Lee, J.-S., Smith, E. & Shilatifard, A. The language of histone crosstalk. Cell 142, 
682–5 (2010). 
41. Kirmizis, A. et al. Arginine methylation at histone H3R2 controls deposition of H3K4 
trimethylation. Nature 449, 928–932 (2012). 
42. Ramón-Maiques, S. et al. The plant homeodomain finger of RAG2 recognizes histone 
H3 methylated at both lysine-4 and arginine-2. Proc. Natl. Acad. Sci. U. S. A. 104, 
18993–18998 (2007). 
43. Yang, Y. & Bedford, M. T. Protein arginine methyltransferases and cancer. Nat. Rev. 
Cancer 13, 37–50 (2013). 
44. Muntean, A. G. & Hess, J. L. Epigenetic dysregulation in cancer. Am. J. Pathol. 175, 
1353–1361 (2009). 
45. You, J. S. & Jones, P. a. Cancer genetics and epigenetics: two sides of the same coin? 
Cancer Cell 22, 9–20 (2012). 
46. Dawson, M. a & Kouzarides, T. Cancer epigenetics: from mechanism to therapy. Cell 
150, 12–27 (2012). 
47. Kouzarides, T. Chromatin modifications and their function. Cell 128, 693–705 (2007). 
48. Bedford, M. T. & Clarke, S. G. Protein arginine methylation in mammals: who, what, 
and why. Mol. Cell 33, 1–13 (2009). 
49. Di Lorenzo, A. & Bedford, M. T. Histone arginine methylation. FEBS Lett. 585, 
2024–31 (2011). 
50. Whetstine, J. R. et al. Reversal of histone lysine trimethylation by the JMJD2 family 
of histone demethylases. Cell 125, 467–481 (2006). 
51. Lorenzo, A. Di & Bedford, M. T. Histone Arginine Methylation. FEBS Lett. 585, 
2024–2031 (2012). 
52. Methyltransferase, A., Rust, H. L., Zurita-lopez, C. I., Clarke, S. & Thompson, P. R. 
Mechanistic Studies on the Transcriptional Coactivator Protein Arginie 
Methyltransferase 1. Biochemistry 50, 3332–3345 (2013). 
53. Sikorsky, T. et al. Recognition of asymmetrically dimethylated arginine by TDRD3. 
Nucleic Acids Res. 40, 11748–55 (2012). 
54. Liu, K. et al. Crystal structure of TDRD3 and methyl-arginine binding characterization 
of TDRD3, SMN and SPF30. PLoS One 7, e30375 (2012). 
104	  
55. Mathioudakis, N. et al. The multiple Tudor domain-containing protein TDRD1 is a 
molecular scaffold for mouse Piwi proteins and piRNA biogenesis factors. RNA 18, 
2056–72 (2012). 
56. Xu, J. et al. Transcriptional silencing of {gamma}-globin by BCL11A involves long-
range interactions and cooperation with SOX6. Genes Dev. 24, 783–98 (2010). 
57. Tripsianes, K. et al. Structural basis for dimethylarginine recognition by the Tudor 
domains of human SMN and SPF30 proteins. Nat. Struct. Mol. Biol. 18, 1414–20 
(2011). 
58. Liu, K. et al. Structural basis for recognition of arginine methylated Piwi proteins by 
the extended Tudor domain. Proc. Natl. Acad. Sci. U. S. A. 107, 18398–403 (2010). 
59. Kirmizis, A. et al. Distinct transcriptional outputs associated with mono- and 
dimethylated histone H3 arginine 2. Nat. Struct. Mol. Biol. 16, 449–51 (2009). 
60. Migliori, V. et al. Symmetric dimethylation of H3R2 is a newly identified histone 
mark that supports euchromatin maintenance. Nat. Struct. Mol. Biol. 19, 136–144 
(2012). 
61. Wang, Y. et al. Human PAD4 Regulates Histone Arginine Methylation Levels via 
Demethylimination. Science 306, 279–283 (2004). 
62. Denis, H. et al. Functional connection between deimination and deacetylation of 
histones. Mol. Cell Biol. 29, 4982–93 (2009). 
63. Migliori, V., Phalke, S., Bezzi, M. & Guccione, E. Arginine/lysine-methyl/methyl 
switches: biochemical role of histone arginine methylation in transcriptional 
regulation. Epigenomics 2, 119–137 (2010). 
64. Hyllus, D. et al. PRMT6-mediated methylation of R2 in histone H3 antagonizes H3 
K4 trimethylation. Genes Dev. 21, 3369–80 (2007). 
65. Bedford, M. T. & Richard, S. Arginine methylation an emerging regulator of protein 
function. Mol. Cell 18, 263–72 (2005). 
66. Fuchs, S. M. & Strahl, B. D. Antibody recognition of histone post-translational 
modifications: emerging issues and future prospects. Epigenomics 3, 247–249 (2011). 
67. Fuchs, S. M., Krajewski, K., Baker, R. W., Miller, V. L. & Brian, D. Influence of 
combinatorial histone modifications on antibody and effector protein recognition. 
Curr. Biol. 21, 53–58 (2012). 
68. Bock, I. et al. Detailed specificity analysis of antibodies binding to modified histone 
tails with peptide arrays. Epigenetics 6, 256–263 (2011). 
105	  
69. Garske, A. L. et al. Combinatorial profiling of chromatin binding modules reveals 
multisite discrimination. Nat. Chem. Biol. 6, 283–90 (2010). 
70. Rothbart, S. B. et al. Association of UHRF1 with methylate H3K9 directs the 
maintenance of DNA methylation. Nat. Struct. Mol. Biol. 19, 1155–1162 (2012). 
71. Rothbart, S. B. et al. Poly-acetylated chromatin signatures are preferred epitopes for 
site-specific histone H4 acetyl antibodies. Sci. Rep. 2, 489–492 (2012). 
72. Rothbart, S. B. et al. Multivalent histone engagement by the linked tandem Tudor and 
PHD domains of UHRF1 is required for the epigenetic inheritance of DNA 
methylation. Genes Dev. 27, 1288–1298 (2013). 
73. Cai, L. et al. An H3K36 methylation engaging Tudor motif of polycomb-like proteins 
mediates PRC2 complex targeting. Mol. Cell 49, 571–582 (2014). 
74. Young, N. L. et al. High throughput characterization of combinatorial histone codes. 
Mol. Cell. Proteomics 8, 2266–84 (2009). 
75. Williams, B. a R., Lin, L., Lindsay, S. M. & Chaput, J. C. Evolution of a histone H4-
K16 acetyl-specific DNA aptamer. J. Am. Chem. Soc. 131, 6330–6331 (2009). 
76. Pettila, M. A., Shepoddlb, T. J. & Dougherty, D. A. Design and Synthesis of a New 
Class of Hydrophobic Binding Sites. Tetrahedron Lett. 27, 807–810 (1986). 
77. Dougherty, D. a. The Cation-π Interaction. Acc. Chem. Res. 46, 885–893 (2013). 
78. Shepodd, T. J., Petti, M. a & Dougherty, D. a. Tight, oriented binding of an aliphatic 
guest by a new class of water-soluble molecules with hydrophobic binding sites. J. 
Am. Chem. Soc. 108, 6085–6087 (1986). 
79. Petti, M. A., Shepodd, T. J., Barrans, R. E. J. & Dougherty, D. A. “Hydrophobic” 
Binding of Water-Soluble Guests by High-Symmetry, Chiral Hosts. An Electron-Rich 
Receptor Site with a General Affinity for Quaternary Ammonium. J. Am. Chem. Soc. 
110, 6825–6840 (1988). 
80. Dougherty, D. A. & Stauffer, D. A. Acetylcholine binding by a synthetic receptor: 
implications for biological recognition. Science 250, 1558–1560 (1990). 
81. Wilcox, C. S. & Cowart, M. D. New approaches to synthetic receptors. Synthesis and 
host properties of a soluble macrocyclic analog of Troger’s Base. Tetrahedron Lett. 
27, 5563–5566 (1986). 
82. Stauffer, D. A. & Dougherty, D. A. Ion-dipole effect as a force for molecular 
recognition in organic media. Tetrahedron Lett. 29, 6039–6042 (1988). 
106	  
83. Ngola, S. M., Kearney, P. C., Mecozzi, S., Russell, K. & Dougherty, D. a. A Selective 
Receptor for Arginine Derivatives in Aqueous Media. Energetic Consequences of Salt 
Bridges That Are Highly Exposed to Water. J. Am. Chem. Soc. 121, 1192–1201 
(1999). 
84. Jacobs, S. A. & Khorasanizadeh, S. Structure of HP1 Chromodomain Bound to a 
Lysine 9-Methylated HistoneH3 Tail. Science 295, 2080–2083 (2002). 
85. Nielsen, P. R. et al. Structure of the HP1 chromodomain bound to histone H3 
methylated at lysine 9. Nature 416, 103–7 (2002). 
86. Ma, J. C. & Dougherty, D. a. The Cation−π Interaction. Chem. Rev. 97, 1303–1324 
(1997). 
87. Hughes, R. M., Wiggins, K. R., Khorasanizadeh, S. & Waters, M. L. Recognition of 
trimethyllysine by a chromodomain is not driven by the hydrophobic effect. Proc. 
Natl. Acad. Sci. U. S. A. 104, 11184–11188 (2007). 
88. Eisert, R. J. & Waters, M. L. Tuning HP1α chromodomain selectivity for di- and 
trimethyllysine. Chembiochem 12, 2786–2790 (2011). 
89. Hof, F. & Pinter, T. in Des. Recept. Next Gener. Biosens. (Piletsky, Sergey, A. & 
Whitcombe, Michael, J.) 33–53 (Springer, 2013). at 
<http://link.springer.com/content/pdf/10.1007/978-3-642-32329-4.pdf> 
90. Campagna-Slater, V. & Schapira, M. Finding Inspiration in the Protein Data Bank to 
Chemically Antagonize Readers of the Histone Code. Mol. Inform. 29, 322–331 
(2010). 
91. Beshara, C. S., Jones, C. E., Daze, K. D., Lilgert, B. J. & Hof, F. A simple calixarene 
recognizes post-translationally methylated lysine. Chembiochem 11, 63–6 (2010). 
92. Ingerman, L. a, Cuellar, M. E. & Waters, M. L. A small molecule receptor that 
selectively recognizes trimethyl lysine in a histone peptide with native protein-like 
affinity. Chem. Commun. 46, 1839–41 (2010). 
93. Whiting, A. L. & Hof, F. Binding trimethyllysine and other cationic guests in water 
with a series of indole-derived hosts: large differences in affinity from subtle changes 
in structure. Org. Biomol. Chem. 10, 6885–92 (2012). 
94. Daze, K. D. et al. Supramolecular hosts that recognize methyllysines and disrupt the 
interaction between a modified histone tail and its epigenetic reader protein. Chem. 
Sci. 3, 2695 (2012). 
107	  
95. Daze, K. D., Ma, M. C. F., Pineux, F. & Hof, F. Synthesis of new trisulfonated 
calix[4]arenes functionalized at the upper rim, and their complexation with the 
trimethyllysine epigenetic mark. Org. Lett. 14, 1512–5 (2012). 
96. Li, C. et al. Molecular selective binding of basic amino acids by a water-soluble 
pillar[5]arene. Chem. Commun. 49, 1924–6 (2013). 
97. Gamal-Eldin, M. a & Macartney, D. H. Selective molecular recognition of methylated 
lysines and arginines by cucurbit[6]uril and cucurbit[7]uril in aqueous solution. Org. 
Biomol. Chem. 11, 488–95 (2013). 
98. Tabet, S. et al. Synthetic trimethyllysine receptors that bind histone 3, trimethyllysine 
27 (H3K27me3) and disrupt its interaction with the epigenetic reader protein CBX7. 
Bioorg. Med. Chem. 21, 7004–10 (2013). 
99. Daze, K. D. & Hof, F. The Cation-π Interaction at Protein-Protein Interaction 
Interfaces: Developing and Learning. Acc. Chem. Res. 46, 937–945 (2013). 
100. Rensing, S., Arendt, M., Springer, A., Grawe, T. & Schrader, T. Optimization of a 
Synthetic Arginine Receptor. Systematic Tuning of Noncovalent Interactions. J. Org. 
Chem. 66, 5814–5821 (2001). 
101. Beshara, C. S. & Hof, F. Modular incorporation of 1-benzyltryptophan into dipeptide 
hosts that bind acetylcholine in pure water. Can. J. Chem. 88, 1009–1016 (2010). 
102. Coleman, A. et al. in Top. Curr. Chem. vol. 277 (Schrader, T.) 629–31–88 (Springer, 
2007). 
103. Douteau-guével, N., Coleman, A. W., Morel, J. & Morel-desrosiers, N. Complexation 
of the basic amino acids lysine and arginine by three sulfonatocalix[n]arenes (n=4, 6 
and 8) in water: microcalorimetric determination of the Gibbs energies, enthalpies and 
entropies of complexation. J. Chem. Soc. Perkin Trans. 2 3, 629–633 (1999). 
104. Douteau-Guével, N., Perret, F., Coleman, A. W., Morel, J.-P. & Morel-Desrosiers, N. 
Binding of dipeptides and tripeptides containing lysine or arginine by p-
sulfonatocalixarenes in water: NMR and microcalorimetric studies. J. Chem. Soc. 
Perkin Trans. 2 524–532 (2002). doi:10.1039/b109553f 
105. Selkti, M. et al. The first example of a substrate spanning the calix[4]arene bilayer: the 
solid state complex of p-sulfonatocalix[4]arene with L-lysine. Chem. Commun. 161–
162 (2000). 
106. Florea, M. et al. A fluorescence-based supramolecular tandem assay for monitoring 
lysine methyltransferase activity in homogeneous solution. Chem. Eur. J. 18, 3521–
3528 (2012). 
108	  
107. Nguyen, B. T. & Anslyn, E. V. Indicator–displacement assays. Coord. Chem. Rev. 
250, 3118–3127 (2006). 
108. Allen, H. F. et al. Inhibition of histone binding by supramolecular hosts. Biochem. J. 
459, 505–512 (2014). 
109. Boudon, S., Wipff, G. & Maigret, B. Monte Carlo Smulatlons on the Lke-Charged 
Guanidinium-Guanidinlum Ion Pair in Water. J. Phys. Chem. 94, 6056–6061 (1990). 
110. Gayatri, S. & Bedford, M. T. Readers of histone methylarginine marks. Biochim. 
Biophys. Acta (2014). doi:10.1016/j.bbagrm.2014.02.015 
111. Sikorsky, T. et al. Recognition of asymmetrically dimethylated arginine by TDRD3. 
Nucleic Acids Res. 40, 11748–11755 (2012). 
112. Liu, K. et al. Crystal structure of TDRD3 and methyl-arginine binding characterization 
of TDRD3, SMN and SPF30. PLoS One 7, e30375 (2012). 
113. Liu, H. et al. Structural basis for methylarginine-dependent recognition of Aubergine 
by Tudor. Genes Dev. 24, 1876–81 (2010). 
114. Hughes, R. M. & Waters, M. L. Arginine methylation in a beta-hairpin peptide: 
implications for Arg-pi interactions, DeltaCp(o), and the cold denatured state. J. Am. 
Chem. Soc. 128, 12735–42 (2006). 
115. Sanchez, R. & Zhou, M.-M. The PHD Finger: A Versatile Epigenome Reader. Trends 
Biochem. Sci. 36, 364–372 (2012). 
116. Corbett, P. T. et al. Dynamic combinatorial chemistry. Chem. Rev. 106, 3652–3711 
(2006). 
117. A, C. R. S. D. & A, M. M. H. Targeting Nucleic Acids using Dynamic Combinatorial 
Chemistry. 671–680 (2011). 
118. Cougnon, F. B. L. & Sanders, J. K. M. Evolution of dynamic combinatorial chemistry. 
Acc. Chem. Res. 45, 2211–21 (2012). 
119. Moulin, E., Cormos, G. & Giuseppone, N. Dynamic combinatorial chemistry as a tool 
for the design of functional materials and devices. Chem. Soc. Rev. 41, 1031–49 
(2012). 
120. Saggiomo, V. in New Strateg. Chem. Synth. Catal. (Pignataro, B.) (Wiley-VCH 
Verlag GmbH & Co. KGaA., 2012). 
121. Li, J., Nowak, P. & Otto, S. Dynamic combinatorial libraries: from exploring 
molecular recognition to systems chemistry. J. Am. Chem. Soc. 135, 9222–39 (2013). 
109	  
122. Jin, Y., Yu, C., Denman, R. J. & Zhang, W. Recent advances in dynamic covalent 
chemistry. Chem. Soc. Rev. 42, 6634–54 (2013). 
123. Ulrich, S. & Dumy, P. Synthesis and Application of Macrocycles Using Dynamic 
Combinatorial Chemistry. Chem. Commun. 50, 5810–25 (2014). 
124. Herrmann, A. Dynamic combinatorial/covalent chemistry: a tool to read, generate and 
modulate the bioactivity of compounds and compound mixtures. Chem. Soc. Rev. 43, 
1899–933 (2014). 
125. Pinkin, N. K. & Waters, M. L. Development and Mechanistic Studies of an Optimized 
Receptor for KMe3 Using Iterative Redesign by Dynamic Combinatorial Chemistry. 
Org. Biomol. Chem. In Press, (2014). 
126. Riemen, A. J. & Waters, M. L. Design of highly stabilized beta-hairpin peptides 
through cation-pi interactions of lysine and n-methyllysine with an aromatic pocket. 
Biochemistry 48, 1525–31 (2009). 
127. Corbett, P. T., Sanders, J. K. M. & Otto, S. Exploring the relation between 
amplification and binding in dynamic combinatorial libraries of macrocyclic synthetic 
receptors in water. Chem. Eur. J. 14, 2153–2166 (2008). 
128. Ingerman, L. A. Dynamic combinatorial chemistry as a tool in the identification of 
novel receptors for biomolecules. ProQuest Diss. Theses 1–328 (2010). at 
<http://libproxy.lib.unc.edu/login?url=http://search.proquest.com/docview/751260390
?accountid=14244> 
129. Zhao, X. et al. Methylation of RUNX1 by PRMT1 abrogates SIN3A binding and 
potentiates its transcriptional activity. Genes Dev. 22, 640–653 (2008). 
130. Rice, N. W. Next Generation Tools for the Detection of Trimethyl Lysine Post‐
Translational Modifications. 1–79 (2011). 
131. Boisvert, F.-M., Côté, J., Boulanger, M.-C. & Richard, S. A proteomic analysis of 
arginine-methylated protein complexes. Mol. Cell. Proteomics 2, 1319–1330 (2003). 
132. Hamieh, S. et al. A “dial-a-receptor” dynamic combinatorial library. Angew. Chem., 
Int. Ed. Engl. 52, 12368–72 (2013). 
133. Sxh, Y., Sogah, G. D. Y. & Cram, D. J. Polystyrene Resin for Chromatographic 
Resolution of Enantiomers of Amino Acid and Ester. J. Am. Chem. Soc. 12, 3035–
3042 (1979). 
134. Cui, Y., Ngo, H. L. & Lin, W. New rigid angular dicarboxylic acid for the 
construction of nanoscopic supramolecules: from a molecular rectangle to a 1-D 
coordination polymer. Inorg. Chem. 41, 1033–1035 (2002). 
110	  
135. Cui, Y., Ngo, H. L. & Lin, W. Self-assembly of nanoscale, porous T-symmetric 
molecular adamantanoids. Inorg. Chem. 41, 5940–5942 (2002).  
  
111	  
CHAPTER II 
STRUCTURE FUNCTION STUDY OF SMALL MOLECULE RECEPTORS TO 
INVESTIGATE THE INFLUENCES OF NON-COVALENT INTERACTIONS ON 
BINDING AFFINITY AND SELECTIVITY IN WATER4 
 
A. Introduction1 
i. Background and Significance 
Improving our understanding of the fundamental mechanisms of molecular 
recognition will continue to drive research as it progresses in the development of novel 
biomedical applications and materials.2–5  Molecular recognition in water is especially critical 
in the development of protein inhibitors and drug discovery, and in the advance of sensor 
assays and studies on protein-protein and protein-substrate interactions.6–8   
In the field of molecular recognition, the recognition of methylated Lys has received 
considerable attention for its role in the regulation of gene transcription.9–13  Small molecules 
that bind specifically to biological targets are useful as therapies and for basic chemical 
biology research. Advances in molecular recognition and supramolecular chemistry have led 
to the development of novel sensor arrays, such as indicator displacement assays,14 which 
could eventually promote small molecule receptors into mainstream biological studies;15, 16 
however, in order to develop small molecule receptors that can be applied to mainstream
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  4	  This article previously appeared in the journal Organic & Biomolecular Chemistry.  The 
original citation is as follows: Beaver, J.E.,* Peacor, B.C.,* Bain, J.V., James, L.I., Waters, 
M.L., Org. Biomol. Chem. 2015, 13, 3220-3226.	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 biological assays, the fundamental mechanisms that drive molecular recognition of these 
receptors must be further understood. 
 Many groups in the field of molecular recognition have focused efforts toward 
understanding the binding of the various methylation states of Lys.17  Methylated Lys is 
particularly interesting from a physical organic perspective because of the numerous 
intermolecular forces in which methylated Lys can participate.18  Basic Lys residues decorate 
histone tails, which form electrostatic, and hydrogen bonding interactions with the phosphate 
backbone of DNA and help to support the tight association of negatively charged DNA and 
the positively charged histone.  These Lys residues can be methylated processively from Lys 
to mono- (KMe), to di- (KMe2), to trimethyllysine (KMe3).  Lys has a pKa of ~ 10.5 and is 
therefore protonated under most physiological conditions.  Methylation does not affect the 
overall charge of the residue; however, each subsequent methylation removes a proton from 
the ε-amine, decreasing its hydrogen bond capacity and increasing hydrophobicity (Figure 
2.1).  Methylation also encourages the formation of cation-π interactions between the 
methylammonium and aromatic surfaces.  The cation-π interaction can be described as the 
coloumbic attraction between a cation and the partially negatively charged π-surface of an 
aromatic ring, which is arises from the quadrupole moment of the ring.7,19 In the case of 
KMe3, the cation-π interaction is primarily driven by this coloumbic attraction, with 
dispersion and hydrophobic contacts providing additional driving force.7,19–23 
Differences in hydrogen bonding capacity and hydrophilicity can influence residue 
solvation and histone tail structure, interactions with DNA, and the recruitment of enzymes 
and reader proteins.24  These differences in energy of desolvation, the magnitude of cation-π 
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interactions, and hydrogen bonding capacity help to drive the molecular recognition of the 
various states of Lys by both proteins and small molecule receptors. 
 
Figure 2.1. Lysine methlyation and acetylation portraying the increase in hydrophobicity as 
the methylation state increases. 
Analytical methods for the analysis of protein lysine methylation currently rely on 
antibodies.  While antibodies offer tight binding of a particular substrate of interest, a range 
of problems can dilute their supremacy in molecular recognition.  Recent studies have shown 
that adjacent posttranslational modifications (PTMs) of proteins (refer to Chapter 1 for a 
review of histone PTMs) can negatively affect antibody recognition of the modification of 
interest, and that some antibodies are unable to distinguish between varying methylation 
states of Lys, or could not identify the correct PTM within the correct peptide sequence.25,26  
With the development of small molecule receptors, we hope to provide more economical26 
and reliable PTM recognition agents to complement antibodies.  
Small molecule receptors are promising because of their general ease of synthesis 
using conventional organic chemistry, batch-to-batch reproducibility, lower molecular 
weight, and reduced cost of production.  Small molecule receptors can be useful in affinity 
chromatography for the purification and enrichment of PTM-containing histone proteins, or 
in microarrays with fluorescent dyes or antibody substrates appended to their exterior. 
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In one recent example Nau and coworkers used an indicator displacement assay 
(IDA)14 to generate a turn-on fluorescence assay with a small molecule receptor for KMe3 
and a solvatochromatic dye.  The assay monitored real-time enzymatic methylation of an 
H3K9 peptide by the lysine methyltransferase enzyme Dim-5 by monitoring the fluorescence 
signal over time.15  Hof and coworkers used a similar technique to highlight the disruption of 
the interaction between KMe3 and CBX7, a native KMe3 reader protein.16 This led to a 
second report in which Hof and coworkers used a similar small molecule receptor for KMe3 
to selectively disrupt the interaction between the CHD4 PHD2 and an H3K9Me3 peptide, but 
not disrupt the interaction between the protein complex and the unmethylated peptide.28 
With the potential for use in biological applications, numerous small molecule 
receptors for methylated Lys have been identified recently.  Interestingly, with the exception 
of Pillar[5]arene, which excludes KMe3 because of steric restrictions, each of the reported 
receptors binds methylated Lys with a logical progression of binding affinity in which they 
bind Lys < KMe < KMe2 < KMe3.  This is reasonable because the higher methylation states 
have a greater magnitude of cation-π interactions and lower cost of desolvation than the 
lower methylation states. 
Nonetheless, KMe and KMe2 are involved in transcriptional regulation,29 and 
inevitably, receptors that recognize each of the methylation states of Lys will be necessary 
for biological applications.  In order to produce receptors that bind to PTMs with high 
affinity and selectivity, we need to continue to advance our understanding of the noncovalent 
interactions in water that drive molecular recognition and selectivity  
ii. Recognition of Methyated Lys by Reader Proteins5 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
5 See Chapter 1 for more examples of reader proteins and the influence of Lys methylation on gene 
transcription. 
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The binding pockets of proteins and the interactions that drive substrate recognition 
have inspired the design of small molecule receptors.  The recognition of Lys and methylated 
Lys residues has been studied extensively in efforts to elucidate the roles of reader proteins in 
transcriptional regulation.  In many cases, crystal and NMR structures provide evidence for 
protein binding mechanisms. 
Binding pockets containing the residues Tyr, Trp, and/or Phe selectively bind to the 
methylammonium of methylated Lys through cation-π interactions and CH (δ+)-π with the 
N-CH3 groups.  Selectivity between different methylation states of Lys is achieved through 
subtle changes in structure of their aromatic binding pockets and the cost of desolvation of 
the lower methylation states of Lys.30  Cation-π interactions dominate molecular recognition 
of the ammonium ions, while control of  binding pocket size, hydrogen bond-donating 
residues, and anionic residues within or proximal to the rigid binding pockets define protein 
selectivity for particular Lys methylation states.31–33 
a. Recognition of KMe3 and KMe2 
For the selective recognition of KMe3 and KMe2 over the lower methylation states, 
binding is driven by the magnitude of favorable cation-π interactions, the increased 
desolvation cost of the lower methylation states, and binding pocket rigidity.  For example, 
the HP1 chromodomain recognizes histone H3K9Me3 (Kd = 2.5 µM) and H3K9Me2 (Kd = 
7.0 µM) through the projection of the methylammonium group into a shallow, surface 
exposed, aromatic cage-like pocket with three aromatic residues contributing to cation-π 
interactions.21  The aromatic pocket is confined within a small surface depression at the end 
of a β-barrel32 (Figure 2.2).21,23,34  Not surprisingly, additional contacts along the histone 
backbone are made with the histone tail taking on an extended conformation, forming a 
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complementary anti-parallel β-sheet with the protein and contributing to the overall binding 
affinity and is likely the source of sequence selectivity.  
 
Figure 2.2. A. Structure of the histone 3A HP1 chromodomain interaction.34 A. Crystal 
structure of the HP1 chromodomain (yellow surface) in complex with histone H3K9Me3 
with tail residues 5 through 10 (gray stick). B. Aromatic cage (green) formed by two Tyr and 
one Trp captures either KMe2 (yellow) or KMe3 (red). The water-mediated hydrogen bond 
between KMe2 and E52 is shown in dashed lines (black). Figure was adapted from Jacobs 
and Khorasanizadeh 2002. 
The PHD finger of human BPTF also binds H3K4Me3 (Kd = 2.7 µM) and H3K4Me2 
(Kd = 5.0 µM) with a static, shallow, four-membered aromatic cage located in a surface 
groove (Figure 2.3).35,36  The structure of the binding pocket is rigidly predetermined prior to 
binding, and remains unchanged upon guest recognition.  The rigidity of the binding pocket 
likely minimizes the entropic penalties of binding.  Sequence selectivity is afforded through 
extensive contacts with the N-terminus of histone H3, wherein the histone peptide adopts an 
extended antiparallel β-sheet conformation, which complements the PHD finger.  
Interestingly, interaction with H3R2 in a sandwich complex with the bound KMe3 and one of 
the Trp residues in the binding pocket is also essential for binding. 
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Figure 2.3. Crystal structure of the BPTF PHD binding pocket consisting of four aromatic 
residues in an aromatic cage binding to H3(1-15)KMe3/2. A. Binding of H3K4Me3. B. 
Binding of H3K4Me2 assisted by bridging hydrogen bonds from an Asp to KMe2, as 
indicated by dashed lines.35  Figure adapted from Li, et al. 2006. 
Similar to the PHD finger and HP1 chromodomain, chromo helicase DNA-binding 
(CHD) protein 1 recognizes H3K4Me3 (Kd = 5 µM) and H3K4Me (Kd = 17 µM) through 
cation-π interactions with juxtaposed Trp residues creating a 3-membered aromatic cage.37  
Similar to the PHD finger, one of the Trp residues stacks with H3R2, forming a sandwich 
conformation between the KMe3 and Arg to improve sequence selectivity.  Likewise, the 
Jumonji domain-containing protein-2A (JMJD2A) also targets KMe3 through a three-
membered aromatic binding pocket, complemented by an Asp.38 
b. Recognition of the lower methylation states of Lys in histones  
Selective recognition of the lower methylation states must overcome the additional 
cation-π interactions, hydrophobic, and dispersion forces that drive binding of the higher 
methylation states.  Recognition of the lower methylation states of Lys is fostered by the 
incorporation of favorable hydrogen-bonding groups and selectivity over the higher 
methylation states is provided by the steric occlusion of larger methylated ammoniums.39  To 
this end, the mammalian p53 binding protein (53BP1) binds selectivity to H4K20Me2 (Kd = 
118	  
19.7 µM) and H4K20Me (Kd = 52.9 µM) through an aromatic cage with four aromatic 
residues and an Asp.  Selectivity for the lower methylation states is attributed to the hydrogen 
bond between Asp and the dimethyl ammonium within the hydrophobic, aromatic binding 
pocket, as well as steric constraints that abolish binding to KMe3.  Sequence selectivity and 
increased affinity is provided by the neighboring R19, which forms π-stacking and cation-π 
interactions with a neighboring Tyr.39 
Similarly, human lethal-(3) malignant brain tumor repeat-like protein-1 
(L3MBTL1/2) also recognizes H4K20Me2 (Kd = 11 µM) and H2K20Me1 (Kd = 14 µM) with 
greater than 10-fold selectivity over unmethylated Lys and KMe3.  Binding occurs via 
interaction of the methylammonium with a four-membered semi-aromatic cage with three 
aromatic residues and one Asp, which contributes a negative charge.32,40,41  Crystal structures 
confirmed that binding occurs exclusively through insertion of the KMe2 or KMe into a deep 
cavity, forming a direct hydrogen bond between the methylammonium and Asp in addition to 
cation-π interactions with the Trp, Tyr, and Phe (Figure 2.4).  While this exclusive binding of 
the Lys side chain and limited interaction with the surrounding peptide sequence abrogates 
sequence selectivity, KMe3 binding is prevented by steric occlusion from the binding 
cavity.41 
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Figure 2.4. Crystal structure of L3MBTL1 binding to KMe2 and KMe. A and B. Protein 
surface cut-away view of KMe2 (A) and KMe (B) insertion into the deep, narrow, and 
negatively charged hydrophobic binding pocket forming a hydrogen bond to D355. The 
interior parts of the surface are colored in gray and the exterior parts are colored by their 
electrostatic potential where the red to blue coloring encodes an electrostatic distribution 
ranging from 20 to 20 kT/e. C. Crystal structure of BPTF PHD reader protein binding to 
H3K4Me2 in an aromatic pocket with three aromatic residues and a negatively charged 
Asp.40  Figure adapted from Li, et al. 2007. 
The ADD domain of DNA methyltransferase-3-like protein (DNMT3L) also binds to 
unmethylated H3K4 (Kd = 2.1 µM) with 18-fold selectivity over H3K4Me1 (Kd = 36.5 µM). 
Binding is driven by a hydrogen bond with Asp, with selectivity afforded by steric 
restrictions.42 
Interestingly, the PHD finger of BHC80 binds the unmethylated H3K4 (Kd = 30 µM) 
through two hydrogen bonds with an Asp and the amide backbone of the protein.43  Like 
many of the reader proteins mentioned previously, sequence selectivity is afforded with the 
formation of an anti-parallel β-sheet conformation from the histone peptide, which 
complements the protein structure.  Met and Asp also form additional hydrophobic contacts 
with side chains and hydrogen bonding interactions between unmethylated K4 and R8, 
respectively. 
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These structural studies indicate that aromatic binding pockets are essential for the 
recognition of KMe3 and KMe2, but also contribute to the binding of KMe.  The magnitude 
of favorable cation-π interactions with KMe3, coupled with the hydrophobic and dispersive 
energetic contributions drive selectivity for the higher methylation states in both deep 
binding pockets, as well as shallow surface grooves.  Binding for the lower methylation 
states is driven by hydrogen bonds between the methylammonium and a carboxylate within, 
or proximal to the binding pocket; however, selectivity over KMe3 is delivered by the steric 
occlusion of the larger KMe3 ammonium.  Additionally, sequence selectivity can be attained 
through the formation of β-sheet conformations of the peptide, complementing the reader 
protein structure. 
c. Mutational Studies on Protein Binding Pockets 
Mutational studies probe the importance of various residues in the binding pockets of 
reader proteins on binding affinity and selectivity.  In one example, Patel and coworkers used 
site-specific mutagenesis of various residues in the L3MBTL1 binding cavity to investigate 
the electrostatic, hydrogen bonding, and steric contributions of amino acids within the 
binding pocket on binding to KMe2 (Kd = 16 µM) and KMe (Kd = 12 µM) (these affinities 
are strongly influenced by peptide sequence).40  Binding of the methylammonium occurs 
through inclusion of the residue in a deep aromatic cavity that contains a Trp, Tyr, and Phe, 
which contribute cation-π interactions with the N-CH3 groups.  Additionally, an Asp 
contained within the binding pocket accepts a direct hydrogen bond from the ammonium.  
An extra water mediated-hydrogen bond to the protein amide backbone improves binding of 
KMe.  These hydrogen bonds significantly improve binding affinity for the lower 
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methylation states of Lys, while the narrow opening of the cavity prevents KMe3 insertion 
through steric occlusion.  
Binding to histone peptides is also improved by non-specific electrostatic interactions 
between the positively charged peptide and the generally anionic protein.  This is supported 
by the attenuation of binding, which coincides with the decrease in net charge of the peptide, 
either by acetylation of neighboring Lys residues, or Ser phosphorylation. 
Interestingly, mutation of Asp355 to Asn reduced binding of KMe by up to 10-fold, 
and by up to 8-fold for KMe2, highlighting the critical role of the negative charge of Asp for 
binding the lower methylation states of Lys.  This D355N mutation does not affect the 
structural integrity of the binding pocket, revealing that the negative charge contributes ~1 
kcal/mol in binding affinity for KMe and KMe2,44 which is similar to the contribution of a 
cation-π interaction within an aromatic cage.7,19  Many of the additional mutations of the 
binding pocket led to conformation changes in the pocket structure which significantly 
decreased affinity.  Other mutations increased steric constraints within the pocket, such as 
N358Q, which decreases binding up to 6-fold for KMe and 4-fold for KMe2. 
 Two additional mutational studies investigated the influence of anions and steric 
constraints within shallow binding pockets on binding to KMe3 and KMe2.  Eisert and 
Waters performed site-specific mutagenesis on the HP1 chromodomain, which binds to 
KMe3 and KMe2 selectively through cation-π interactions in an aromatic pocket within a 
surface groove.  Glu52 within the binding pocket provides an additional water-mediated 
hydrogen to KMe2, improving binding affinity.44 Under Eisert’s conditions, chromodomain 
binding was not selective between KMe2 and KMe3 (Kd = 20 µM and 17 µM, respectively). 
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 Mutation of Glu52 to Asp did not affect binding to KMe2, suggesting conformational 
freedom of the residue and that Asp is still able to hydrogen bond.  Interestingly, the E52D 
mutation improved binding of KMe3 2-fold, suggesting that Glu limits binding to KMe3 in 
the WT chromodomain through steric interactions. 
 Interestingly, mutation of Glu52 to Gln decreases affinity for KMe2 by a factor of 
2.5, but does not affect binding to KMe3, providing 3-fold selectivity for KMe3 over KMe2.  
This suggests that the electrostatic interaction between KMe3 and Glu is not important for 
binding, but that the water-mediated hydrogen bond to KMe2 contributes ~0.6 kcal/mole of 
binding energy. 
Mutational studies on the BPTF PHD finger complements these studies on the HP1 
chromodomain.  Patel and coworkers mutated Tyr17 within the binding pocket to Glu to 
investigate the influence of hydrogen bonds on selectivity and affinity for KMe3 and KMe2 
(Figure 2.5).40  Interestingly, the Y17E mutation improved binding to KMe2 and KMe by a 
factor of three through a direct hydrogen bond from the methylammonium to the carboxylate 
of Glu which contributes 0.5 kcal/mol of binding affinity.  Conversely, binding to KMe3 is 
decreased by a factor of five, likely due to a loss in cation-π interactions with the Tyr, or the 
steric repulsion of the hydrophobic N-CH3 and the negatively charged Glu.  It is not 
surprising that KMe3 does not form electrostatic interactions with the Glu because of the 
dispersed nature of the charge on KMe3.45  Additional mutational studies confirmed the 
importance of optimal charge positioning as well as the presence of the charge in binding to 
KMe2.
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Figure 2.5. A. Electrostatic potential map of the BPTF Y17E PHD finger binding to H3 (1-9) 
K9Me2 in a shallow surface groove.  Red to blue coloring represents surface charge 
distribution from -20 to 20 kT/e. B. Crystal structure of BPTF Y17E PHD finger binding 
pocket, highlighting a hydrogen bond between K4Me2 and Glu.40 Figure adapted from Li, et 
al. 2007. 
 
Together these mutational studies revealed both similarities and subtle differences 
between binding modes of proteins with deep cavities and proteins with shallow surface 
grooves.  In contrast to surface binding proteins, such as the BPTF PHD finger and the HP1 
chromodomain, which possess widely accessible binding pockets, the methylammonium of 
KMe and KMe2 is buried within a deep binding pocket via cavity insertion in L3MBTL1/2.  
KMe3 is excluded from the rigid, tight cavity due to size limitations, and internal, direct 
hydrogen bonds to KMe2 or KMe provide 1.0 kcal/mol in binding affinity.  In contrast, 
selectivity for KMe3 over KMe2 is decreased in the native shallow binding pockets because 
one side of the surface groove pocket is solvent-exposed, allowing the solvation of KMe2 
from bulk solution, while bound to the protein.  Consequently, hydrogen bonds in surface-
exposed binding pockets between Glu or Asp and KMe2 contribute only 0.5-0.6 kcal/mol of 
binding affinity.  Thus, electrostatic and hydrogen bonding interactions within deep cavities 
contribute more significantly to binding of the lower methylation states of Lys.  This is 
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consistent with the improved solvation of Lys in surface exposed pockets compared to deep 
binding pockets and suggests that affinity and selectivity are more easily tuned in deeper 
binding pockets.  
iii. Design of Small Molecule Receptors for Recognition of Methylated Lys 
With an understanding of the molecular interactions that drive binding and selectivity 
for the various methylation states of Lys in the context of proteins, the development of small 
molecule receptors that bind with high affinity and selectivity for a target of interest should 
be straightforward.  Careful tuning of cation-π, electrostatic, and hydrogen-bonding 
interactions should provide tight binding with good selectivity over the other methylation 
states of Lys. 
With the prospect of developing novel assays for studying enzymes and protein 
interactions, a variety of small molecule receptors for trimethyllysine have been synthesized 
recently.16,45–52  Similar to protein binding pockets, small changes in small molecule structure 
also leads to differences in binding affinity toward Lys guests; however, with the exception 
of pillar[5]arene51 (vide infra), no receptors have achieved selective binding of the lower 
methylation states of Lys over KMe3. While a significant number of researchers have 
contributed to the investigation of cation-π interactions, the contribution of work focusing on 
quaternary ammonium groups, and methylated Lys in particular, is highlighted below. 
a. Work by Dennis Dougherty 
In early studies of cation-recognition in water, Dougherty and coworkers developed a 
suite of water-soluble cyclophanes (Figure 2.6) to explore molecular recognition in water 
through cation-π interactions.20,53–57  By studying the binding of this set of macrocycles to a 
variety of cationic, neutral, hydrophobic, and hydrophilic guests, Dougherty’s work provided 
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exceptional evidence for the influence of cation-π interactions, and established the cation-π 
interaction as a substantial driving force in molecular recognition in water.  The studies were 
so informative that he even correctly hypothesized that proteins bind the neurotransmitter, 
AcCH, in an aromatic cage rather than through a conserved electrostatic interaction.20,54–57  
Additionally, Dougherty demonstrated that cation-π interactions with quaternary ammonium 
salts out-compete hydrophobic interactions with uncharged groups of the same size and 
shape, despite the large difference in desolvation costs; Waters et al. demonstrated the same 
outcome for the HP1 chromodomain binding to KMe3 over its carbon analog.23  In addition 
to the cation-π interaction, Dougherty and coworkers explored the influence of carboxylates 
proximal to the aromatic pocket of the cyclophanes.57  DC1 does not bind primary 
ammonium ions due to the greater cost of desolvation of the well-hydrated cation in water.  
Interestingly, placement of a carboxylate in close proximity to the binding pocket improves 
binding through electrostatic and/or hydrogen bonding interactions.  Binding studies with 
diamines revealed that this charge-pairing was distance-dependent, suggesting that 
electrostatic interactions between ammoniums and carboxylates rely on optimal substrate 
positioning and are not the result of global electrostatic interactions.  Additionally, the 
proximal carboxylates only slightly improved binding affinity to quaternary ammoniums, 
which can likely be attributed to the diffuse nature of the cationic charge in quaternary 
ammoniums.57 
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Figure 2.6. Suite of water-soluble cyclophanes developed by Dougherty and coworkers to 
study non-covalent interactions in water, including the cation- interaction and the 
hydrophobic effect.20,53,55,57 
Together, Dougherty’s studies in molecular recognition illustrate the power of the 
cation-π interaction in molecular recognition in water, as well as the influence of cavity size, 
shape, the positioning of negative charge in binding. 
b. Work by Fraser Hof 
In addition to Dougherty’s work on molecular recognition, Hof and coworkers have 
studied the recognition of KMe3 by small molecule receptors extensively.  Hof used two sets 
of indole-containing receptors to probe the influence of the electron-rich aromatic indole on 
binding to alkylammoniums in water.48,58  Trp is abundant in reader protein binding pockets, 
and many crystal structures show direct interactions between bound KMe3 and the indole of 
Trp.  Interestingly, the indole receptors were only weak binders of alkylammonium guests.  
While repositioning of carboxylates improved binding slightly, the receptors were either too 
hydrophobic, causing the receptors to collapse and disfavor binding, or too flexible and 
disordered in solution, requiring significant conformational restraint in order to bind.  
Interestingly, receptor binding could be directly correlated to guest hydrophobicity, with the 
least water-soluble guests binding the tightest and overall weak binding to KMe3.  These 
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studies revealed the importance of the rigidity of the binding pocket and affirm the 
importance of charge positioning in improving binding interations. 
In another molecular recognition study, Hof and coworkers repurposed calix[4]arene 
(CX4) which had previously been shown to interact with a variety of guests,59 including Lys 
(Kd = 1.9 mM),60 in water.46  Not surprisingly, Hof’s study of the rigid, amphiphilic 
macrocycle revealed a change in binding mechanism in recognition of KMe3 (Kd = 30 µM).  
Rather than interacting with the sulfonates on upper rim of CX4 through electrostatic and 
hydrogen-bonding interactions, the trimethylammonium of KMe3 is inserted into the binding 
pocket and binds through a combination of cation-π interactions with additional affinity 
provided by the hydrophobic effect.  Binding is improved in the context of a histone H3 
peptide Ac-RK(Me3)ST-NH2 for both the unmethylated Lys (10-fold) and the KMe3-
containing peptide (3-fold improvement).  Similarly, CX4 also binds Arg- and Lys-
containing di- and tripeptides with good affinity (Kd = 25 µM for ArgLys dipeptide).61  This 
increase in binding and decrease in selectivity can be attributed to additional non-specific 
electrostatic interactions provided by the neighboring Arg in the peptide sequence and a 
potential disruption of the binding modes of the free amino acids.  Not surprisingly, 
elimination of the positive charge of Lys via acetylation diminishes binding. Similar to 
proteins with shallow binding pockets, like the HP1 chromodomain, CX4 binds KMe3 with 
3-fold selectivity over KMe2 (Kd = 95 µM), possibly due to the decreased cation-π 
interactions and/or the increased cost of desolvation of KMe2.  Further derivatization of CX4 
led to the generation of CX4-11, a trisulfonated calix[4]arene with an additional phenyl ring, 
which improves binding to KMe3 by a factor of 2.5 over CX4 through additional cation-π 
contacts with the Lys side chain and the aromatic ring.50  
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c. Pillar[5]arene and Cucurbit[7]uril Recognition of Methylated Lys 
 Pillar[5]arene shows interesting selectivity for the unmethylated Lys over KMe3.  
The carboxylates on both sides of the macrocycle form electrostatic interactions with both 
the ε-NH2 and the zwitterionic motif of the amino acid.  Similar to proteins with deep cavity 
binding pockets, like L3MBTL1/2, KMe3 is too large to fit inside the binding pocket and is 
excluded from the binding to the pillar[5]arene.   
In contrast, cucurbit[7]uril (CB7) binds KMe3 as an amino acid with significant 
selectivity over the unmethylated Lys.52  Interestlingly, cucurbit[n]urils are neutral and do not 
contain aromatic surfaces, but rely on binding through the hydrophobic interior and carbonyl 
rims of the molecule.  CB7 binds KMe3 (Kd = 0.53 µM) through a combination of the 
hydrophobic effect and van der Waals interactions on the interior of the macrocycle.  
Additional interactions with the polar carbonyl head groups and the free carboxylate and 
ammonium drive binding.  CB7 is the most selective synthetic macrocycle for KMe3 as an 
amino acid over unmethylated Lys with 3500-fold selectivity. 
d. Mercaptophanes 
Our group has also worked extensively to generate small molecule receptors with 
protein-like affinity and selectivity for the various methylation states of Lys.  Rather than 
specifically engineering and synthesizing designed, water-soluble, small molecule receptors, 
which would require extensive synthesis, we chose to use dynamic combinatorial chemistry 
(DCC)62 as a method that enables both synthesis and screening of libraries of macrocyclic 
compounds under a variety of solvents and mild conditions.  Ingerman and coworkers used 
DCC to identify A2B (both rac- and meso-), which selectivity recognizes KMe3 (Kd = 2.6 
µM) with 2.4-fold selectivity over KMe2 (Kd = 6.3 µM), with affinity and selectivity 
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comparable to the HP1 chromodomain.47,63 The negatively charged exterior aids in binding to 
histone H3 peptides that contain a neighboring Arg, and selectivity for KMe3 is attributed to 
the increased cation-π interactions afforded by the additional N-CH3 group and the increased 
cost of desolvation for the lower methylation states of Lys. 
e. Summary of Binding to Methylated Lys 
Interesting comparisons can be made between the binding affinities and selectivities 
of protein binding pockets and small molecule receptors for the different methylation states 
of Lys.  Binding of KMe3 is fairly straightforward and has been implemented in most of the 
small molecule receptors discussed in this section.  Binding to KMe3 in both protein binding 
pockets and small molecule receptors is driven by the formation of favorable cation-π and 
CH (δ+)-π interactions between the N-CH3 groups and aromatic surfaces.  Selectivity for 
KMe3 over the lower methylation states of Lys is provided by the additional cation-π 
interaction when binding KMe3, as well as the increased cost of desolvation of KMe2; 
however, selectivity for KMe3 is generally around 2-3-fold for KMe3 over KMe2. 
In contrast, selective binding to lower methylation states of Lys has only recently 
been achieved by synthetic receptors.  In fact, no receptors have been reported to bind to 
KMe selectively over the other methylation states of Lys.  In the L3MBTL1/2 binding 
pockets, selectivity is afforded by steric occlusion of KMe3 from the binding cavity.  
Pillar[5]arene behaves similarly, sterically excluding KMe3 from the binding pocket; 
however, L3MBTL1/2 also bind to KMe and KMe2 with significant selectively over 
unmethylated Lys.  This binding affinity is provided by cation-π interactions within the 
binding pocket, as well as direct hydrogen bonds to a carboxylate and water-mediated 
hydrogen bonds to the amide backbone of the protein.  Perhaps a small molecule receptor 
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that selectively binds KMe2 or KMe has yet to be established because of inherent limitations 
in structural complexity. 
As the field of molecular recognition and biotechnology continue to grow, receptors 
for the lower methylation states of Lys will be necessary to accommodate demands for new 
technology.  In order to develop receptors for different PTMs we must first understand what 
determines affinity and selectivity for different PTMs in our small molecule receptors. 
B. Project Goals and Design 
i. Background and Significance 
The main goal of the project was to investigate the influence of the size, 
hydrophobicity and depth of receptor binding pockets, as well as the positioning of 
carboxylates around the receptor, on affinity and selectivity for the different methylation 
states of Lys.  As described in Chapter 1, our group previously reported the identification of a 
small molecule receptor, A2B, which recognizes KMe3 (Kd = 2.6 ± 0.1 µM) with affinity and 
selectivity (2.4-fold) over KMe2 (Kd = 6.3 ± 0.3 µM) comparable to the HP1 
chromodomain.47  In the context of peptides, 1H NMR, fluorescence anisotropy, and ITC 
revealed that A2B binds to the KMe3 side chain, primarily interacting with the N-CH3, ε- and 
δ- carbons.  Binding is driven by cation-π and CH (δ+)-π interactions, and selectivity over 
KMe2 was due to the increased cost of desolvation of KMe2.   
Subsequent DCC with iterative redesign of A2B led to the discovery of A2D, which 
was generated by the replacement of the benzene-derived monomer B-subunit in A2B with 
the naphthalene-derived monomer D.64  A2D was the first small molecule receptor reported to 
bind to RaMe2 (Kd = 5.1 ± 0.6 µM) with low micromolar affinity and 2.5-7.5-fold selectivity 
over RsMe2 (Kd = 38.4 ± 4.8 µM).  Interestingly, A2D also binds to KMe3 (Kd = 3.9 ± 0.5 
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µM) with similar affinity to RaMe2 in the context of a histone H3 peptide.  The affinity for 
RaMe2 and KMe3 was attributed to the ability of the receptor to form favorable π-π stacking 
interactions between the naphthalene and the guanidinium of RaMe2, as well as cation-π and 
CH (δ+)-π interactions with the methyl groups of both units.  Selectivity over the lower 
methylation states was likely due to the reduced number of favorable van der Waals 
interactions and cation-π interactions, as well as the increased cost of desolvation for the 
lower methylation states of Lys and Arg. 
 Further iterative redesign of A2B toward a receptor that binds KMe3 with greater 
affinity and higher selectivity over KMe2 led to the recent identification and synthesis of 
A2N.63  In this study, Pinkin and Waters used molecular modeling to hypothesize that 
replacing the B-subunit of A2B with an ethenoanthracene subunit, N, would significantly 
deepen the binding pocket of the macrocycle and provide tight binding to KMe3 through 
additional cation-π and van der Waals contacts.  DCC was used to synthesize A2N from 
monomers A and N, and subsequent characterization of amplification in DCC libraries as 
well as characterization through NMR and binding studies with ITC revealed that A2N binds 
KMe3 (Kd = 0.30 ± 0.04 µM) with 10-fold improved affinity over A2B.  Additionally, A2N is 
7-fold more selective for KMe3 over KMe2 (Kd = 4.1 ± 0.5 µM) and >20-fold more selective 
for KMe3 over KMe (Kd = 40 ± 4 µM) than A2B (Kd = 13.9 ± 0.1 µM).  This significant 
improvement in selectivity was attributed to the increased depth of the binding pocket and 
increased costs of desolvation for KMe2 and KMe over KMe3 when bound in a deep 
hydrophobic pocket. 
 With these three studies, our group helped to establish DCC with iterative redesign as 
a tool for the identification and synthesis of small molecule receptors that bind to PTMs with 
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high selectivity and affinity.  Consequently, in this study, we use a similar iterative redesign 
strategy with DCC to conduct a structure function study of the B-subunit of A2B by 
incorporating various monomers into the B-position.  By using DCC, we were able to vary 
the B-subunit as monomer X in libraries with monomer A to produce A2X macrocycles 
(Figure 2.7) and then compare their varied binding affinities, selectivities, and 
thermodynamic binding parameters. 
 
Figure 2.7. A. General synthesis of A2X macrocycles from biased DCC libraries.  Libraries 
typically contain two equivalents of monomer A and one equivalent of monomer X.  B. 
Monomers used in DCC biased libraries for the synthesis of A2X macrocycles. 
 The A2X macrocycle structure was chosen because the A2-cleft persisted in the first 
three receptors characterized by our lab.  By varying monomer X, we probed the influence of 
the one component of the macrocycle, but maintained a similar synthetic scheme.  DCC 
allowed the facile synthesis of A2X macrocycles via biased DCC libraries, which is a 
significant advantage to using DCC to conduct a structure function study.   
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In traditional structure function studies of macrocycles, the inherent difficulty in 
synthesizing macrocycles, or asymmetrically modifying symmetric compounds, limits the 
scope and economic feasibility of the study.  The target compound must be modified 
selectively, either in a late-stage synthetic step, or earlier in the synthesis, and then carried 
through the remainder of the synthetic plan.  Some modifications also require varied 
synthetic schemes, which further challenges the execution of the study.  Additionally, not all 
specifically engineered, water-soluble, small molecule receptors possess water solubility, or 
target binding affinity or selectivity.  In many cases, these macrocycles are not conducive to 
a structure function study. 
In contrast to traditional structure function studies, DCC allows facile synthesis of 
water-soluble macrocycles.  Rather than synthesizing or functionalizing an entire 
macrocycle, simple monomers can be systematically varied.  DCC facilitates the synthesis of 
a diverse group of receptors by varying the monomers in libraries.65  Additionally, as was 
demonstrated by Otto and Sanders66 and reaffirmed by the results in this study, in many 
cases, the relative selectivities and binding affinities of macrocycles can be determined by 
analysis of amplification factors in biased DCC libraries.  In an extensive structure function 
study, this would limit the number of non-binding macrocycles synthesized or isolated. 
In this study, in addition to maintaining the A2X macrocycle structure, monomer A is 
important in the DCC libraries and in binding.  The unique geometry of monomer A provides 
an aromatic hydrophobic interior on its concave surface, while the carboxylic acids on the 
convex surface are deprotonated in alkaline solution to provide water solubility.  
Additionally, the curvature provided by the A2- cleft in A-containing oligomers encourages 
cyclization and macrocycle synthesis in DCC libraries.  When incorporated into the A2X 
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macrocycles, the A2-cleft provides aromatic surfaces for the cation-π interactions that drive 
receptor binding for methylation ammoniums. 
By comparing the thermodynamic parameters and binding selectivities of water-
soluble receptors binding to methylated Lys, this study provides insight into the binding 
mechanisms of small molecule receptors in water, provides comparison of small molecule 
receptors to analogous reader protein binding pockets, and highlights the utility of DCC as a 
powerful synthetic and analytical tool in structure function studies.   
ii. Experimental Approach 
In previous DCC studies, the main goal was to identify the tightest binding receptor 
in a library.  In contrast, the goal of these DCC libraries is to synthesize A2X macrocycles in 
order to study their binding affinity and selectivity through library amplification and binding 
studies.  To generate A2X macrocycles, DCC libraries were biased toward the formation of 
A2X in which monomer A and X, where X is any monomer listed in (Figure 2.7) were mixed 
in a 2:1 ratio, respectively in sodium borate buffer (50 mM, pH 8.5).  To amplify hosts that 
interact primarily with the intended target, the monomers were mixed with an equimolar 
quantity of a tetrapeptide guest, Ac-ZGGY-NH2, where Z is one of the various methylation 
states of Lys or Arg, and Tyr is used as a concentration tag, or no guest in untemplated 
libraries.  These peptides were chosen to minimize interactions with neighboring amino acids 
as well as remove the electrostatic interactions with the zwitterionic amino acid, and promote 
the amplification of species that interact with the side chain of interest. The libraries were 
monitored by analytical reverse phase HPLC for the amplification of any species in the 
presence of one guest over any other guests.  In the case of amplification of a species, the 
libraries were analyzed by LC/MS to determine the identity of amplified species.  If species 
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were amplified preferably in the presence of one guest over others, that species was 
resynthesized using biased, preparative libraries and isolated for characterization and binding 
studies with histone H3 peptides. 
C. Results and Discussion: Part One 
i. Monomer E67 
a. Monomer Design 
The influence of carboxylate positioning on the X subunit was investigated by 
moving the carboxylate from the meta- position in monomer B, to ortho- to the thiols in 
monomer E.  Moving the carboxylate closer to hydrophobic interior of the macrocycle could 
increase electrostatic or hydrogen-bonding interactions with Lys guests.  The repositioning of 
the monomer substituents also increases the dipole in monomer E relative to monomer B and 
could encourage interaction with the Lys side chain.  This hydrophobic, electron-deficient 
region of the E subunit in A2E macrocycles could also form favorable intramolecular 
interactions with the aromatic interior of the receptor, leading to a reduction in binding 
affinity. 
b. DCC Libraries6 
Eight DCC libraries were biased toward the formation of A2E with two equivalents of 
monomer A (5 mM), one equivalent of monomer E (2.5 mM) and three equivalents of 
peptide guest (7.5 mM) containing one of the methylation states of Lys or Arg, or no guest in 
the case of the untemplated library.  Surprisingly, two species, A2E and AE3 dominated the 
libraries containing peptide guests (Figure 2.8).  Only one isomer of A2E was observed; 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
6 Initial DCC Experiments and analysis were performed by Lindsey Ingerman and are included in this 
discussion as a complete analysis of library composition, amplification, and receptor binding affinity.47,67 
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however, due to the freedom of rotation around the disulfide bonds, it may be that the 
isomers were not resolved chromatographically.   
In contrast to A2B, which existed at a low concentration in untemplated libraries, both 
A2E and AE3 represented the major species in the untemplated libraries. Careful 
interpretation of amplification data from biased DCC libraries can imply relative binding 
selectivities between guests.  Amplification data alone does not indicate the absolute binding 
affinity, but rather suggests relative binding affinities between substrates.  In this case, 
amplification of A2E and AE3 in the absence of a guest indicates that these macrocycles have 
improved thermodynamic stability relative to other species in the library.  This improvement 
in stability could be, in part, due to favorable intramolecular interactions with the electron-
deficient portion of the monomer E subunit and the aromatic A2-cleft of A2E.  This 
intramolecular interaction would have interesting consequences in NMR characterization and 
binding studies (vide infra). 
 
Figure 2.8. Overlayed HPLC traces at 254 nm of DCC libraries biased toward the formation 
of A2E with monomers A (5 mM) and E (2.5 mM) and varying Lys-containing peptide 
guests (7.5 mM).67 
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Each receptor was amplified to a similar extent in the presence of each Lys and Arg 
guest (Figure 2.8 & Figure 2.9).  Similar amplification in the presence of Lys and KMe3 
suggests that these receptors are not as selective for KMe3 as A2B.  While amplification is 
reduced in the presence of Arg, both receptors are still amplified to a greater extent in the 
presence of each Arg than in the untemplated library. 
 
Figure 2.9. Overlayed HPLC traces at 254 nm of DCC libraries biased toward the formation 
of A2E with monomers A (5 mM) and E (2.5 mM) and varying Arg-containing peptide 
guests (7.5 mM).67 
Additional libraries, biased toward the formation of AE3 were also initiated (7.5 mM 
monomer total); however, E-containing macrocycles, E4 up to E8, dominated the library 
(Figure 2.10).  Similar to A2E biased libraries, only minimal amplification of AE3 was 
observed in the presence of KMe3 compared to unmethylated Lys. 
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Figure 2.10. Overlayed HPLC traces at 254 nm of DCC libraries biased toward the 
formation of AE3 with monomers A (1.9 mM) and E (5.6 mM) and either KMe3 (red trace) 
or no guest (blue trace).67  
This reduction in amplification in the presence of KMe3 could suggest a reduction in 
selectivity for KMe3 over Lys, presumably because of improved electrostatic interactions 
between unmethylated Lys and the carboxylate of the E subunit.  On the other hand, while a 
small improvement in electrostatic or hydrogen bonding interactions could decrease 
selectivity between unmethylated Lys and KMe3, the binding pocket of A2E maintains the 
hydrophobic, aromatic A2-cleft capable of forming strong cation-π and hydrophobic 
interactions with KMe3.  A2B binding to KMe3 is improved by 1.2 kcal/mol compared to 
Lys.  It is unlikely that moving one carboxylate could initiate favorable electrostatic or 
hydrogen bonding interactions capable of producing an additional 1.2 kcal/mol of favorable 
binding energy in water. 
Careful consideration of DCC library conditions revealed that the amplification data 
at high concentrations of receptors could be misleading.  A2B-biased libraries produced a 
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wide variety of macrocycles and only small amounts of A2B in untemplated libraries; 
therefore, the receptor was present at a sub-millimolar concentration and only strongly 
favorable interactions with the guest drove amplification.  In the case of A2E and AE3, both 
receptors dominate the untemplated libraries.  Combined, the receptors account for >50% of 
the library composition in A2E biased libraries, resulting in millimolar receptor 
concentrations.  Dominating the library composition of untemplated libraries lowers the 
ceiling for maximum amplification of the receptors in the presence of guests.  Additionally, 
at high concentrations, these receptors can be more easily amplified by weaker, non-specific 
interactions, such as electrostatic interactions.   
 Amplification data in the presence of Arg guests further suggests that A2E and AE3 
are being amplified by non-specific electrostatic interactions, rather than specific 
amplification from guest binding.  A2B is not amplified in the presence of methylated Arg 
because the binding pocket of A2B is too small to accommodate the guanidinium moiety of 
Arg.  This is the source of weak binding of Arg residues by A2B (Kd > 500 µM for RaMe2, 
which was the tightest binding Arg).  The circumference of the A2E macrocycle is identical 
to A2B and therefore A2E should also only interact with Arg through weak interactions. 
c. Low Concentration DCC Libraries7 
To encourage the amplification of only tight binding receptors, biased libraries were 
prepared at one tenth the concentration of the original libraries (0.5 mM A, 0.25 mM E, and 
0.75 mM guest).  Lowering the concentration of monomers and guest inherently lowers the 
concentration of each of the species generated in untemplated libraries and encourages the 
amplification of the tightest binders under thermodynamic equilibrium.  Additionally, the 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
7 Low concentration DCC libraries performed by Lindsey Ingerman47,67 
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magnitude of amplification as well as selectivity for favorable interactions should be 
increased. 
 Interestingly, both A2E and AE3 remained the dominant species in the untemplated 
library; however, differential amplification was observed in the dilute libraries (Figure 2.11).  
A2E was amplified to the greatest extent in the presence of KMe2 and KMe3, with little 
difference in selectivity between species.  This suggests that A2E will bind KMe2 and KMe3 
more tightly than KMe and Lys, but that moving the carboxylate may have altered the 
selectivity between KMe2 and KMe3.  As expected, minimal amplification of either species 
was observed in the presence of Arg guests. 
 Amplification of AE3 could not be accurately measured because of poor 
chromatographic resolution of AE3 and AE4.  Nonetheless, AE3 remained a dominant species 
in the presence of KMe3, suggesting that it binds to KMe3 tightly. 
 
Figure 2.11. Amplification data for the low concentration DCC libraries biased toward the 
formation of A2E with 0.5 mM A, 0.25 mM E, and 0.75 mM guest. Separate libraries were 
templated with each of the methylation states of Lys and Arg.  Amplification is presented as 
the amplification factor as described by Otto and coworkers.66,67 
 Together, the DCC libraries suggest that A2E and AE3 are thermodynamically stable 
receptors capable of binding selectively to KMe2 and KMe3 over KMe and Lys.  The change 
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in selectivity between A2B and A2E is surprising and demonstrates that subtle changes to 
these receptors can significantly influence binding selectivity. 
d. Preparative Synthesis of A2E 
To characterize binding affinity, A2E was synthesized using a preparative scale, 
biased DCC library with a 1:1 ratio of monomer A (2 mM) to monomer E (2 mM) and five 
equivalents of tetramethylammonium hydroxide (NMe4OH) (5 mM) in 50 mM sodium 
borate buffer, pH = 8.5 (Figure 2.12).  NMe4OH, a commercially available guest, was 
previously shown to amplify and bind tightly to A4,66 which would compete for monomer A 
in these libraries.  Interestingly, while NMe4OH amplified a small amount of A4, it also 
amplified A2E to a greatest extent when compared of each of the guests tested under these 
library conditions (Figure 2.13).  After the library reached equilibrium, the library was 
filtered and A2E was purified by reverse phase HPLC.  The mobile phase was buffered with 
10 mM NH4OAc to maintain water solubility of the library.  NH4OAc was used because it 
sublimes under reduced pressure and can be removed from the purified A2E by 
lyophilization. 
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Figure 2.12. A. Schematic for the preparative synthesis of A2E using NMe4OH as the 
commercially available guest in a DCC library. B. Reverse phase HPLC trace of the 
preparative DCC library for the synthesis of A2E. 
 
Figure 2.13. Guests tested for the formation of A2E and AE3 in preparative DCC libraries 
with monomers A and E. 
e. Preparative Synthesis of AE3 
 AE3 was synthesized using a preparative scale biased DCC library with an optimized 
3:4 ratio of monomer A (1.7 mM) to monomer E (2.3 mM) and ten equivalents of 
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benzyltrimethylammonium chloride (BnNMe3Cl) (Figure 2.14).  BnNMe3Cl was used as the 
library guest because AE3 was amplified to the greatest extent in the presence of BnNMe3Cl 
compared to any of the guests tested (Figure 2.13).  After the library equilibrated, the 
solution was filtered and AE3 was purified by reverse phase HPLC.  Unfortunately, AE3 
could not be isolated cleanly because of poor chromatographic resolution between AE3 and 
AE2.  While multiple mobile and stationary phases were tested, no method provided 
sufficient separation of the two macrocycles.  For the purposes of this study, efforts toward 
the isolation of AE3 were suspended, but remain a future goal for this work. 
 
Figure 2.14. A. Schematic of the preparative synthesis of AE3 in a biased DCC library with 
monomer A (1.7 mM) monomer E (2.3 mM) and BnNMe3Cl (5 mM). B. Reverse phase 
HPLC trace of the preparative DCC library for the synthesis of AE3. 
f. A2E NMR 
 In order to elucidate the dynamic behavior of A2E in solution variable-temperature 1H 
NMR was conducted on A2E (790 µM) from 5 °C to 47 °C in D2O (50 mM sodium borate 
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buffer, pD = 9.25).  2D experiments used for structural analysis include TOCSY and NOESY 
experiments.  The labeled proton signals are indicated in Figure 2.15. 
 
Figure 2.15. 1H NMR of A2E in D2O (50 mM sodium borate buffer, pD 9.25) at 47 °C with 
numbered peaks labeled on A2E. Signals labeled with letters a-e are the result of 
conformational changes at varying temperatures and broaden into the baseline as temperature 
is decreased. 
 Structural analysis at room temperature revealed a number of broadened peaks that 
changed with temperature in both CD3OD and D2O (Figure 2.16).  Of particular interest are 
peaks 7 and 8, which correspond to the E-subunit of A2E.  Both peaks are present at elevated 
temperature (30 °C) and persist as the temperature is increased.  As the temperature 
increases, the resolution of the peaks increases; however, as temperature decreases, the peaks 
broaden into the baseline and at low temperature (5 °C), both peaks are not visible in the 
spectrum.  This suggests that the E-subunit can access multiple conformational states and 
points to the dynamic nature of these macrocycles.  The absence of both peaks at low 
temperature suggests that the E-subunit is exchanging slowly on the NMR timescale between 
multiple states.   
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Figure 2.16. Variable temperature 1H NMR of A2E in D2O (50 mM sodium borate buffer, 
pD = 9.25).  Peaks 7 and 8 from the E subunit are highlighted in red boxes and the 
suppressed D2O peak is shown with a blue line. 
When denatured with dithiothreitol, the disulfide bonds of A2E are reduced, 
producing the original monomers (Figure 2.17).  When incorporated into the A2E macrocycle 
protons 7 and 8 are shifted upfield 0.54 ppm and 1.19 ppm, respectively.  The significant 
upfield shifting of protons 7 and 8 suggests that they are being shielded by the aromatic A2-
cleft. This suggests that A2E can adopt a stable conformation in which the hydrophobic 
region of monomer E can be placed inside the A2-cleft to provide stabilizing, T-shaped C-H-
π interactions between E protons 7 and 8 and the A subunits. 
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Figure 2.17. Changes in 1H NMR chemical shift for protons 7 and 8 when incorporated into 
A2E. A. Denatured A2E, 30 minutes after treatment with DTT (0.1 mM) in D2O (50 mM 
borate buffer, pD 9.25, 25 °C).  B. 1H NMR of A2E in D2O (50 mM sodium borate buffer, 
pD 9.25) at 47 °C with numbered peaks labeled for E-subunit. 
g. Binding Studies 
g.1. Fluorescence Anisotropy 
The DCC library screens indicated that A2E binds to KMe2 and KMe3 about equally 
and more tightly than KMe and unmethylated Lys.  Initial attempts to measure binding 
affinity of A2E for the different methylations states of Lys used fluorescence anisotropy 
(FA).  Histone H3 peptides were conjugated with a FAM-GGG tag to the N-terminus of the 
peptide (Table 2.1) and A2E was titrated into the peptide.  Unfortunately, while the titration 
with the control peptide, FAM_H3R8GK9G shows negligible change in anisotropy (Figure 
2.18), slight decrease fluorescence intensity occurs as A2E is titrated (Figure 2.19).  This 
change in fluorescence intensity is surprising, because FA was used successfully for the 
binding analysis of A2B.  Nonetheless, FA calculations assume that fluorescence intensity 
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remains unchanged throughout the course of the titration; therefore, FA was not pursued 
further in studying binding interactions. In order to confirm binding selectivity and affinity 
fluorescence anisotropy (FA) was tested and gain insight into the thermodynamic driving 
forces of binding for A2E, isothermal titration calorimetry (ITC) binding studies were 
conducted using histone H3 peptides containing Lys methylation at position 9 ( 
Table 2.1).  In the case of peptide H3R8GK9Me3, Arg 8 was mutated to Gly in order 
to elucidate the influence of the neighboring guanidinium on binding affinity. 
Table 2.1. Peptides used in FA and ITC binding studies. 
Peptide Name Peptide Sequence 
H3K9Me3 Ac-WGGGQTARKMe3STG-NH2 
H3K9Me2 Ac-WGGGQTARKMe2STG-NH2 
H3K9Me Ac-WGGGQTARKMeSTG-NH2 
H3K9 Ac-WGGGQTARKSTG-NH2 
H3R8GK9Me3 Ac-WGGGQTAGKMe3STG-NH2 
WH3R8GK9G Ac-WGGGQTAGGSTG-NH2 
YH3R8GK9G Ac-YGGGQTAGGSTG-NH2 
FAMH3R8GK9G FAM-GGGQTAGGSTG-NH2 
 
Figure 2.18. Fluorescence anistropy for the titration of A2E into FAM_H3R8GK9G showing 
no binding interaction between the peptide and receptor.  Each data set corresponds to a 
separate titration. 
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Figure 2.19. The change in fluorescence intensity during the titration of A2E into 
FAM_H3R8GK9G showing a steady decrease in fluorescence intensity as the concentration 
of A2E is increased.  Each data set corresponds to a separate titration. 
g.2. Isothermal Titration Calorimetry 
Binding studies using ITC were performed in 10 mM sodium borate buffer, pH 8.5.  
ITC revealed that A2E interacts very weakly with Tyr in the context of the unmodified 
peptide, YH3R8GK9G (Figure 2.20), but does not interact with Trp in the context of 
WH3R8GK9G (Figure 2.21).   A WGGG tag was appended to each peptide at the N-
terminus as a tag for concentration determination by UV.  While ITC showed that Trp does 
not interact with A2E, we cannot exclude the possibility that Trp contributes to binding 
interactions with the peptides used for ITC experiments.  Peptides (0.700 – 2.3 mM) were 
titrated into A2E (65 – 265 µM) and heat was measured as a function of time.  Prior to data 
analysis, the heat of dilution of the peptide was subtracted directly from the experimental 
titration data.  Heat of dilution was measured by titrating the peptide into buffer.  The data 
was then fit to a one-site binding model to determine the Kd, ΔG, ΔH, and ΔS, which are 
reported in Table 2.2.   
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Figure 2.20. ITC titration of YH3R8GK9G into A2E.  Analysis reveals that the receptor and 
peptide interact weakly; however, the interaction cannot be quantified because the c-value is 
<1. 
 
Figure 2.21. ITC titration of WH3R8GK9G into A2E.  Analysis reveals that the receptor 
does not interact with the peptide in a measurable capacity. 
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For the majority of peptide titrations, the c value (c = n*Ka*[A2E]) was between 10 
and 100, which is typically the acceptable range for analysis of thermodynamic parameters.68  
Conversely, the n value, which corresponds to the stoichiometry of the binding event, was 
less than one for each titration.  This sub-stoichiometric interaction is likely due to error 
associated with concentration determination for these receptors.  Additionally, the inherent 
complexity of binding flexible, highly charged macrocycles with flexible, multiply charged 
peptides can lend to additional weak interactions which could skew the observed 
stoichiometry.  Importantly, the n value is not related to the determination of the 
thermodynamic parameters reported in Table 2.2. 
Previously, the n values for A2B, A2D, and A2N, were reported to range from 0.4 to 
0.8; however, NMR titrations and molecular modeling support that each receptor binds in a 
1:1 ratio with its respective target.  While it is clear that additional, non-specific interactions 
at higher concentrations may influence binding, we assume that binding remains 1:1 for each 
of the receptors in this report.  
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Table 2.2. Thermodynamic data obtained for the binding of A2B, A2C, A2E, A2N and 
A2G to peptides shown in  
Table 2.1 as measured by ITC.a 
Entry Receptor Peptide Kd c (µM) 
S. 
Factor d 
ΔG c 
(kcal/mol) 
ΔH c 
(kcal/mol) 
TΔS c 
(kcal/mol) 
1 b A2B H3K9Me3 2.6 ± 0.1 - -7.63 ± 0.03 -11.26 ± 0.05 -3.61 ± 0.05 
2 b A2B H3K9Me2 6.3 ± 0.3 2.4 -7.10 ± 0.07 -11.65 ± 0.09 -4.5 ± 0.1 
3 b A2B H3K9Me 13.9 ± 0.1 5.4 -6.64 ± 0.01 -9.65 ± 0.06 -3.00 ± 0.07 
4 b A2B H3K9 22 ± 1 8.3 -6.38 ± 0.02 -9.2 ± 0.2 -2.9 ± 0.3 
5 b A2B H3R8GK9Me3 17.1 ± 0.1 6.6 -6.52 ± 0.01 -12.37 ± 0.01 -5.84 ± 0.02 
6 e A2C H3K9Me3 0.191 ± 0.002 - -9.16 ± 0.01 -14.0 ± 0.3 -4.8 ± 0.3 
7 e A2C H3K9Me2b 0.5 ± 0.1 2.6 -8.5 ± 0.1 -12.67 ± 0.05 -4.1 ± 0.1 
8 e A2C H3K9Meb 1.6 ± 0.2 8.4 -7.92 ± 0.08 -11.92 ± 0.07 -3.9 ± 0.4 
9 e A2C H3K9b 6.7 ± 0.1 35 -7.05 ± 0.01 -11.26 ± 0.02 -4.16 ± 0.02 
10 e A2C H3R8GK9Me3b 2.7 ± 0.3 14 -7.59 ± 0.06 -12.2 ± 0.1 -4.5 ± 0.2 
11 A2E H3K9Me3 2.3 ± 0.1 - -7.69 ± 0.02 -10.4 ± 0.1 -2.7 ± 0.1 
12 A2E H3K9Me2 2.8 ± 0.2 1.2 -7.57 ± 0.04 -9.52 ± 0.08 -1.9 ± 0.1 
13 A2E H3K9Me 13.8 ± 0.7 6.0 -6.63 ± 0.03 -10.25 ± 0.01 -3.61 ± 0.04 
14 A2E H3K9 22 ± 1 9.6 -6.34 ± 0.03 -10.1 ± 0.4 -3.7 ± 0.4 
15 A2E H3R8GK9Me3 29 ± 3 12.6 -6.17 ± 0.05 -12.1 ± 0.4 -5.9 ± 0.4 
16 b A2N H3K9Me3 0.30 ± 0.04 - -8.91 ± 0.07 -12.0 ± 0.5 -3.1 ± 0.5 
17 b A2N H3K9Me2 4.1 ± 0.5 14 -7.36 ± 0.04 -12.5 ± 0.4 -5.1 ± 0.4 
18 b A2N H3K9Me 40 ± 4 130 -6.01 ± 0.06 -12.0 ± 0.5 -6.0 ± 0.5 
19 b A2N H3K9 10.5 ± 0.9 35 -6.80 ± 0.05 -7.3 ± 0.3 -0.5 ± 0.3 
20 b A2N H3R8GK9Me3 1.3 ± 0.2 4.3 -8.05 ± 0.08 -13.4 ± 0.5 -5.3 ± 0.6 
21 A2G H3K9Me3 1.4 ± 0.1 - -8.00 ± 0.05 -9.9 ± 0.2 -1.8 ± 0.2 
22 f A2G H3K9Me2 13.2 ± 2.4 10 ± 2  -6.6 ± 0.1 -11.5 ± 0.1 -4.9 ± 0.1 
23 A2G H3K9Me 15 ± 1 11 -6.57 ± 0.04 -10.2 ± 0.4 -3.6 ± 0.4 
24 g A2G H3K9 58 ± 7 >40 -5.8 ± 0.1 - - 
25 A2G H3R8GK9Me3 5.4 ± 0.1 3.8 -7.19 ± 0.01 -9.0 ± 0.1 -1.8 ± 0.1 
a All data determined by ITC, fit to one-site binding model; Conditions: 26 °C, in 10 mM sodium borate buffer, 
pH 8.5. b Data reported by Pinkin and Waters.62 c Errors are from averages of three trials, unless noted otherwise. 
d S. factor is selectivity, which is calculated as the factor-fold difference in affinity for KMe3 over the designated 
methylation state of the peptide in that row. e Average of two trials. f Error determined by propagation from curve 
fitting and averages. g These values are approximate because the c-value for these experiments was <1. 
 
ii. Comparison of A2B to A2E 
Surprisingly, ITC revealed that moving the carboxylate from the meta-position in 
monomer B to the ortho-position in monomer E, between the two thiols, did not influence 
the binding affinity of A2E for KMe3 (Kd = 2.3 ± 0.1 µM) when compared to A2B (Kd = 2.6 
± 0.1 µM).  Interestingly, moving the carboxylate improved binding to KMe2 (Kd = 2.8 ± 0.2 
µM) by 0.5 kcal/mol (A2B, Kd = 6.3 ± 0.3 µM).  Compared to A2B, this is a 2.3-fold increase 
in binding affinity for KMe2, which nearly abolishes the selectivity between KMe3 and 
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KMe2.  This significant decrease in selectivity between KMe3 and KMe2 is in agreement 
with the amplification observed in low concentration DCC libraries.  This 0.5 kcal/mol 
improvement in ΔG is consistent with binding energies previously reported for a water-
mediated hydrogen bond in the surface-exposed binding pocket of the HP1 chromodomain;44 
however, it is likely that a number of factors contribute to this change in selectivity. 
 Interestingly, while binding affinity for KMe2 was improved by a factor of 2.3, the 
binding affinity for KMe (Kd = 13.8 ± 0.7 µM) and unmethylated Lys (Kd = 22 ± 1 µM) was 
unchanged between A2B and A2E.  This suggests that carboxylate positioning does not 
significantly influence weaker binding interactions. 
 The influence of the neighboring Arg on A2E binding affinity was investigated by 
mutating R8 to Gly in H3R8GK9Me3 (Kd = 29 ± 3 µM).  Mutating R8 to a non-binding Gly 
removes the neighboring cationic residue, revealing binding interactions specific only to 
KMe3, rather than cooperative binding interactions between R8 and K9Me3.  Surprisingly, 
A2E exhibits a 13-fold decrease in binding affinity, and 1.5 kcal/mol decrease in binding 
energy upon removal of the neighboring guanidinium, suggesting that the Arg plays an 
important role in KMe3 recognition for this receptor.  A2B exhibits a smaller drop in binding 
affinity for the mutated peptide, decreasing by 7-fold in binding affinity and 1.1 kcal/mol in 
binding energy.  This suggests that binding to H3K9Me3 occurs through synergistic 
interactions between R8 and K9Me3 for both receptors; however, R8 accounts for 0.5 
kcal/mol of additional binding energy for A2E compared to A2B.  This suggests that A2B is 
actually a better KMe3 receptor by 0.5 kcal/mol. 
Comparison of thermodynamic parameters of binding provides more insight into the 
differences between selectivities and affinities of A2B and A2E for the methylation states of 
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Lys.  A2E binding to KMe3 is approximately one kcal/mol less enthalpically favorable, and 
one kcal/mol more entropically favorable than A2B binding to KMe3.  The self-templation of 
A2E may contribute to some of the differences in binding thermodynamics between A2E and 
A2B.  The disruption of intramolecular T-shaped aromatic interactions in A2E between the 
A2-cleft and E subunit is likely entropically favorable but enthalpically unfavorable.  
Therefore, if the macrocycles formed identical contacts with KMe3, binding to A2E would be 
less enthalpically favorable, and more entropically favorable than binding to A2B.   
Interestingly, in the case of H3R8GK9Me3, the thermodynamic parameters change 
significantly.  In the absence of R8, binding of A2E to KMe3 is similar to A2B, albeit slightly 
less enthalpically favorable.  This significant shift in thermodynamic parameters (for A2E, 
ΔΔH from H3K9Me3 to H3R8GKMe3 = -1.7 kcal/mol, ΔTΔS = -3.2 kcal/mol) suggests a 
difference in binding mechanism contingent on the presence of R8.  
 Receptor binding to KMe2 also displays a difference in thermodynamic parameters.  
A2E binding to KMe2 is more entropically driven and less enthalpically favorable than 
binding to KMe3.  In contrast, binding of A2B to KMe2 is enthalpically driven and more 
entropically costly than binding to KMe3.  This also suggests that A2E and A2B bind to 
KMe3 and KMe2 through different binding mechanisms, highlighting the importance of 
charge positioning in molecular recognition in water. 
iii. Monomer C8 
a. Monomer Design 
 With evidence that carboxylate positioning could affect binding selectivity in A2X 
macrocycles, monomer C was synthesized in order to investigate the contribution of multiple 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
8 Work with monomer C, including DCC libraries, synthesis, purification of A2C, and 
binding studies was performed by Brendan Peacor. 
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anions toward binding affinity and selectivity.  Monomer C, which has two carboxylates, 
doubles the negative charge near the binding pocket (Figure 2.24).  Electrostatic interactions 
in water are generally considered to be weak; however, charge-charge interactions, coupled 
with hydrogen bonding interactions tend to be stronger in the context of protein-peptide 
recognition.  Three separate point-mutation studies of protein binding pockets provide insight 
into the energetic contributions of carboxylate-ammonium interactions within reader protein 
binding pockets.  Mutation of the L3MBTL1 showed that the carboxylate was critical in 
binding to KMe2 and KMe, providing 1 kcal/mol of binding energy within a deep binding 
cavity.40,41  Mutation of a Glu within the binding pocket of the HP1 chromodomain 
confirmed the importance of the electrostatic and hydrogen-bonding interactions in KMe2 
recognition, with the hydrogen bond contributing 0.6 kcal/mol in the shallow, surface-groove 
binding pocket.44  Studies the BPTF PHD finger in which a critical Tyr within the binding 
pocket was mutated to Glu complements studies on the HP1 chromodomain, illustrating that 
the carboxylate contributes 0.5 kcal/mol of binding energy.40   
Interestingly, carboxylate mutations seem to have little influence on KMe3 binding.  
In each case, changes in affinity for KMe3 can be attributed to changes in steric interactions, 
or the removal of a cation-π interaction, rather than electrostatic interactions.  This 
assessment is in agreement with physical organic studies that show that electrostatic 
interactions do not significantly influence the binding of quaternary alkylammoniums in 
water because of the significant charge dispersion and hydrophobicity of the 
alkylammonium.21,45,57  Together, these mutation studies suggest that carboxylate-ammonium 
interactions contribute 0.5-1 kcal/mol of binding energy in the context of hydrophobic 
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pockets, and that these hydrogen-bonding and electrostatic interactions are more significant 
in deeper binding pockets, where the guest cannot be easily solvated.  
b. DCC Libraries 
 DCC libraries were biased toward the formation of A2C with two equivalents of 
monomer A (5 mM), one equivalent of monomer C (2.5 mM), and three equivalents of guest 
(Ac-ZGGY-NH2, where Z corresponds to one of the methylation states of Lys), or no guest 
in the case of the untemplated library.  Libraries were set up in 50 mM sodium borate buffer, 
pH 8.5 to ensure solubility of guests and reproducibility of conditions.  Similar to A2E, A2C 
macrocycles (two isomers) were the major species in each library that contained a Lys guest 
and were amplified to a similar extent in each of the guest-containing libraries under typical 
library conditions (Figure 2.22).  This suggests that A2C interacts with each of the 
methylation states of Lys favorably.  
 
Figure 2.22. Overlayed HPLC traces at 280 nm of DCC libraries biased toward the 
formation of A2C at low concentration, with monomers A (0.5 mM) and C (0.25 mM) and 
varying Lys-containing peptide guests (0.75 mM).  Two A2C isomers eluted at 24.5 and 25 
minutes as the major peaks in the library. 
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 To encourage differentiation in amplification in the presence of guests, the 
concentration of the libraries was decreased by a factor of 10 (0.5 mM A, 0.25 mM C, 0.75 
mM guest). This resulted in greater than 5-fold greater amplification of A2C in the presence 
of KMe3 over the untemplated library (Figure 2.23).  Additionally, A2C was amplified 
approximately 2-fold greater in the presence of KMe3 than each of the other methylation 
states of Lys.  This 2-fold amplification suggests that A2C, like A2B and A2E, is selective for 
KMe3 over the other methylation states of Lys.  Nonetheless, it also suggests that A2C 
interacts favorably with each of the methylation states of Lys. 
 
Figure 2.23. Amplification data for the low concentration DCC libraries biased toward the 
formation of A2C with 0.5 mM A, 0.25 mM C, and 0.75 mM guest. Separate libraries were 
templated with each of the methylation states of Lys.  Amplification is presented as percent 
increase in peak area over the untemplated library. 
c. Preparative Synthesis of A2C 
 A2C was synthesized using a preparative scale, biased DCC library with a 2:1 ratio of 
monomer A (2.0 mM) to monomer C (2.0 mM) and AcCH (8.0 mM) in 50 mM sodium 
borate buffer, pH = 8.5.  AcCH was used because it is commercially available and amplified 
A2C under preparative library conditions.  After the library reached equilibrium, the library 
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was filtered and A2C was purified by reverse phase HPLC.  The mobile phase was buffered 
with 10 mM NH4OAc to maintain water solubility of the library.   
 
Figure 2.24. A. Schematic of the preparative synthesis of A2C in a DCC library with 
monomer A (2.0 mM) monomer C (2.0 mM) and AcCH (8 mM). B. Reverse phase HPLC 
trace of the preparative DCC library for the synthesis of A2C, collected as two separate 
isomers. 
d. ITC Binding Studies 
Binding studies were conducted using ITC by titrating histone H3 peptides (0.70 – 
1.4 mM) listed in Table 2.1 into A2C (60 – 100 µM) in 10 mM sodium borate buffer, pH 8.5.  
Interestingly, ITC revealed that increasing the charge close to the binding pocket 
significantly enhanced binding to each of the methylation states of Lys.  Relative to A2B, 
binding of A2C to H3KMe3 (Kd = 0.191 ± 0.002 µM) was improved by 1.5 kcal/mol; 
however, binding to H3R8GK9Me3 (Kd = 2.7 ± 0.3 µM) was improved by only one 
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kcal/mol.  Similar to A2E, the presence of R8 results in tighter binding to H3K9Me3 by 
approximately 1.5 kcal/mol.  This is 0.5 kcal/mol more than in the case of A2B.  Thus, the 
contribution of R8 is not dependent on net charge alone, but also position of the carboxylate.  
Comparison of H3R8GK9Me3 peptides provides insight into the role of electrostatic 
interactions to KMe3 alone. A2C binds H3R8GKMe3 1.1 kcal/mol better than A2B and 1.4 
kcal/mol better than A2E.  The improved binding affinity for R8GK9Me3 can be attributed to 
the extra electrostatic interactions from the additional carboxylate on monomer C.   
The number of carboxylates also influences the binding affinity to the lower methylation 
states.  Binding of A2C to H3K9Me2 (Kd = 0.5 ± 0.1 µM), and H3K9Me (Kd = 1.6 ± 0.2 µM) 
was improved by 1.3 and 1.4 kcal/mol respectively, over A2B, and by 0.9 kcal/mol for 
H3K9Me2 and 1.3 kcal/mol for H3K9Me over A2E.  Interestingly, the selectivity for binding 
to H3K9Me3 over the lower methylation states of Lys remained nearly unchanged compared 
to A2B, with 2.6-fold selectivity over H3K9Me2 and 8.4-fold selectivity over H3K9Me (see 
Table 2.2).  Binding to Lys by A2C (Kd = 6.7 ± 0.1 µM), on the other hand, was improved by 
only 0.67 kcal/mol, to give a selectivity factor of 35 for binding to H3K9Me3 over 
unmethylated Lys, relative to selectivities of ~ 8 and 10 for A2B and A2E, respectively.  
Together, this data suggests that the positioning and number of carboxylates at the 
benzene-derived X building block in A2X contributes moderately to binding selectivity 
between the different methylation states of Lys.  Changes in benzene substitution resulted in 
significant changes in binding affinity, but only subtle changes in selectivity.  An additional 
carboxylate on monomer C led to an improvement in binding by >1.0 kcal/mol to each 
methylated Lys for A2C.  Interestingly, the selectivity between H3K9Me3, H3K9Me2, and 
H3K9Me was not significantly affected.  With the exception of A2C binding to unmethylated 
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Lys, the largest change in selectivity occurred between A2B and A2E binding to H3K9Me3 
and H3K9Me2.  Here, improved electrostatic or hydrogen bonding interactions improve A2E 
binding to H3K9Me2 by a factor of two, relative to A2B.  
iv. Comparison of A2B, A2E and A2C 
A comparison of binding thermodynamics between A2B, A2E, and A2C for 
H3K9Me3, H3K9Me2, and H3R8GK9Me3 provides insight into the contributions of 
favorable electrostatic interactions proximal to hydrophobic pockets in water.  Each of the 
receptors exhibits similar selectivities for H3K9Me3 over H3K9Me2, but vary significantly 
when compared to H3R8GK9Me3.  For each receptor, binding to a methylated Lys guest is 
enthalpically favorable and entropically unfavorable.   
Interestingly, A2C and A2E differ significantly from A2B with regard to the 
thermodynamics of binding.  For A2B, binding to H3K9Me3 is less enthalpically favorable 
but more entropically favorable than binding to H3K9Me2, therefore selectivity for 
H3K9Me3 is entropically driven.  The carboxylate of A2B is likely unable to form favorable 
hydrogen bonding interactions with H3K9Me2, since it is in the plane of the benzene ring.  
This may result in an increased cost of desolvation for KMe2 when bound to A2B, which is 
an enthalpic cost.69  Alternatively, forming a hydrogen bond between KMe2 and A2B may 
restrict its conformational freedom more than in A2C or A2E. 
In contrast, for both A2C and A2E, binding to H3K9Me2 is more entropically 
favorable, and less enthalpically favorable than binding to H3K9Me3, so the selectivity for 
H3K9Me3 is enthalpically driven.  This decreased entropic cost of binding to H3K9Me2 is 
consistent with the decreased cost of desolvation for KMe2 bound in a shallow binding 
pocket and stabilized by proximal electrostatic interactions.  This suggests that proximal 
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carboxylates and favorable electrostatic interactions influence the desolvation energy of the 
system, and have less of an enthalpic contribution to binding than cation-π interactions. 
Comparison of binding to H3R8GK9Me3 provides insight into the ability of a 
receptor to bind to the KMe3 side chain alone.  Binding for each receptor is weakened in the 
absence of R8.  This dependence on R8 for binding of these small aromatic macrocycles 
draws parallels to reader protein sequence selectivity in the BPTF PHD finger35,36 and 
CHDP137 which both recognize H3R2 when bound to H3K4Me3.  Recognition of the 
neighboring Arg occurs through a sandwiching complex of a Trp within the binding pocket 
stacking between the Arg on the exterior of the binding pocket and KMe3 within the binding 
pocket.  Since these macrocycles possess hydrophobic, aromatic exteriors, favorable π-π and 
cation-π stacking, as well as complementary carboxylate-guanidinium electrostatic and 
hydrogen-bonding interactions with the neighboring Arg can be expected. 
In this study, A2E is the worst receptor for KMe3, while A2C is the best.  
Interestingly, for A2E, the R8G mutation improves the enthalpy of binding by >1.5 kcal/mol, 
but increases the entropic cost of binding by >3 kcal/mol.  A2B binding to H3R8GK9Me3 is 
similar to A2E with an improved enthalpy of 1.1 kcal/mol and a decrease in entropy by >2 
kcal/mol.  This suggests that R8 influences the binding of A2E and A2B to H3R8GK9Me3 in 
a similar way.  In both cases, receptor interaction with R8 is entropically favorable and 
enthalpically unfavorable. 
In contrast, the entropic cost of A2C binding KMe3 is nearly the same (approximately 
-4.5 kcal/mol in our measurements), regardless of the presence or absence of R8; however, 
the enthalpy of binding is decreased.  This suggests that R8 contributes to the binding of 
K9Me3 enthalpically in the case of A2C, rather than entropically.   
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Together, this data shows that R8 can significantly influence binding affinity for 
K9Me3 and points to the influence of neighboring residues in protein sequence selectivity.  
Arg is able to contribute to binding through a unique combination of π-π stacking, and 
cation-π interactions in addition to electrostatic and hydrogen-bonding interactions.  This 
comparison also reveals the interesting contributions of enthalpy-entropy compensation 
observed for receptor binding in water.  Binding to a guest equilibrates to the most 
thermodynamically favorable conformation; however, this conformation can be influenced 
by a variety of subtle contributions, like the desolvation of neighboring residues or charge 
position.  
v. Comparison of Receptors with Shallow Binding Pockets to A2N63 
Receptors A2B, A2C, and A2E represent a suite of small molecule binders with 
shallow binding pockets.  Binding affinities and selectivities for the different methylation 
states of Lys varies among the receptors and provides insight into the influences of 
electrostatic interactions and charge positioning on binding.  In contrast, A2N has a deep 
hydrophobic binding pocket and is unable to form electrostatic interactions with guests inside 
the binding pocket.  Binding to methylated Lys is driven by cation-π interactions, dispersion 
forces, and the hydrophobic effect.7,19–21,23,56,70  Comparison of the shallow-pocketed 
receptors with A2N provides more insight into the intermolecular forces that contribute to 
binding affinity and selectivity in these small molecule receptors in water.  
Similar to A2C, A2N binds to KMe3 with a Kd of 0.30 ± 0.04 µM; however, A2N 
binds H3K9Me3 over H3K9Me2 (Kd = 4.1 ± 0.5 µM) with >5-times more selectivity than 
A2C.  While A2N and A2C have the same number of carboxylates, the improved affinity for 
H3K9Me3 likely is derived from different noncovalent interactions between the peptide and 
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receptors.  The carboxylates on A2N are on the exterior of the binding pocket and unable to 
interact with guests inside the binding pocket, while A2C has two carboxylates able to make 
close contacts with bound guests.  The dramatic improvement in selectivity for binding 
H3K9Me3 over H3K9Me2 is due to the deepened hydrophobic pocket of A2N.  KMe3 
carries a permanent positive charge, making strong cation-π interactions with the N-CH3 
groups and the aromatic interior of the binding pocket.  KMe2, KMe, and unmethylated Lys 
are also cationic under physiological conditions, but carry well-solvated protons that require 
desolvation in order to bind in a hydrophobic pocket.  Binding of lower methylation states of 
Lys in a deep binding pocket requires more significant desolvation, counteracts favorable 
cation-π interactions, and decreases the net van der Waals and hydrophobic interactions that 
contribute to binding.  This is consistent with the binding selectivities observed for A2N.  In 
addition to a 14-fold binding selectivity over H3K9Me2, A2N binds H3K9Me3 over 
H3K9Me (Kd = 40 ± 4 µM) with >15-times greater selectivity than A2C.  In binding to Lys, 
A2N, like A2C and A2E, exhibits an interesting cooperative effect between R8 and K9, which 
enhances binding to the H3K9 peptide.  Additional binding studies on sequence effects 
revealed that A2N does not bind favorably to Lys in the absence of a proximal Arg.63 
When compared to A2B, A2N binding to H3K9Me3 benefits from a deepened binding 
pocket and an additional aromatic ring, leading to increased cation-π and CH (δ+)-π 
interactions to account for the 1.3 kcal/mol of favorable binding energy.  The more 
hydrophobic pocket of A2N also likely improves binding to more hydrophobic guests and 
improves selectivity for KMe3 over the lower methylation states of Lys.  Indirect evidence 
for this can be taken from mutation studies the L3MBTL1/2.  These mutation studies showed 
that energetic contributions are more significant within deep binding cavities in water, 
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relative to shallow binding pockets.  For instance, the energetic contribution of a carboxylate-
ammonium electrostatic and hydrogen bonding interaction increased from 0.5 kcal/mol in a 
shallow binding pocket to 1 kcal/mol in a deep binding cavity.32,40,41,44  This increase in 
energy can be attributed to the inability for ammonium solvation within a deep binding 
pocket.  Likewise, the cost of desolvation for binding the lower methylation states of Lys will 
be greater for receptors, such as A2N, with deep hydrophobic binding pockets compared to 
receptors such as A2B, A2E, and A2C, with shallow binding pockets. 
Comparison of the effect of R8 on binding to H3K9Me3 also provides insight into the 
contributing forces in binding affinity and selectivity.  R8 contributes 1.5 kcal/mol of binding 
energy to both A2E, A2C and 1.1 kcal/mol to A2B.  In contrast, R8 contributes only 0.8 
kcal/mol binding energy for A2N.  This suggests A2N interacts more specifically with KMe3, 
while the receptors that form electrostatic and hydrogen bonding interactions with guests are 
more strongly influenced by neighboring positive charge. 
 The tight binding affinity of H3K9Me3 through cation-π, van der Waals, and 
hydrophobic interactions with A2N can be matched by a combination of cation-π and 
electrostatic interactions in A2C; however, A2N is 5-fold more selective for H3K9Me3 over 
H3K9Me2, and 15-fold more selective for H3K9Me3 over H3K9Me than A2C and >20-fold 
more selective than A2B and A2E.    
Together this data suggests that electrostatic interactions contribute to binding, adding 
approximately one kcal/mol in binding affinity when proximal to a hydrophobic pocket.  
Additionally, increasing charge next to the binding pocket of these receptors does not 
significantly influence selectivity between KMe3, KMe2, and KMe in low salt conditions (10 
164	  
mM borate buffer, pH 8.5).  Comparison to A2N reveals that hydrophobicity, pocket depth, 
and the cost of desolvation critically influence binding affinity and selectivity.
D. Results and Discussion: Part Two 
 In order to probe the influence of deepened binding pockets and larger aromatic 
surfaces on binding affinity and selectivity, we investigated the incorporation of naphthalene-
derived monomers D, G, and H at the X position of A2X.  Each monomer contains two thiols 
for disulfide exchange and a carboxylic acid for water solubility and electrostatic interactions 
with guests. 
i. Monomer D64 
 The incorporation of monomer D into the A2X macrocycle structure was recently 
reported as a small molecule receptor with 6-fold selectivity for RaMe2 (Kd = 5.1 ± 0.6 µM) 
over RsMe2 (Kd = 38 ± 5 µM).64  1H NMR binding experiments revealed that A2D binds to 
the guanidinium in Arg, with significant upfield shifting of the N-CH3 and δ-carbon protons.  
NMR shifts and molecular modeling suggests that the A2D binding selectivity for aRMe2 
over sRMe2 is due to the size and shape of the binding pocket, as described in Chapter 1. 
While the naphthalene provides π-stacking interactions with the guanidinium of aRMe2, the 
methyl groups point into the aromatic A2- binding cleft to provide strong cation-π, van der 
Waals, and hydrophobic interactions.  In this case, selective binding of RaMe2 over RsMe2 
stems from the size of the binding pocket.  The pocket is too small to simultaneously 
accommodate both methyl groups on RsMe2, leading to fewer favorable interactions and 
weaker binding.   
Interestingly, A2D also binds to H3K9Me3 (Kd = 3.9 ± 0.5 µM) with approximately 
the same binding affinity as RaMe2.  1H NMR binding studies revealed that binding of 
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KMe3 results in upfield shifting of the N-CH3 and ε-carbon protons,67 suggesting affinity is 
afforded by cation-π interactions with the aromatic interior of the macrocycle.  
Unfortunately, ITC results for A2D binding to each of the peptides, including the various 
methylation states of Lys, could only be fit to a two-site binding model.  Because the reason 
for this two-site binding model is unclear, it was not included in this analysis. 
ii. Monomer G 
a. Monomer Design 
Monomer G was incorporated into the X position of A2X as a constitutional isomer of 
monomer D.  Repositioning the thiols from the 3,5-positions in D to the 3,7-positions in G 
expands the binding pocket of the macrocycle, potentially increasing the binding to RsMe2 
and decreasing the affinity to KMe3.  Interestingly, molecular modeling of A2G suggests that 
the macrocycle is able to adopt a barrel shaped conformation (Figure 2.25) with a deeper 
binding pocket than observed for the benzene-derived monomers.  DCC libraries were 
prepared and ITC binding studies of A2G were conducted in order to investigate the 
influence of the deepened binding pocket and accessibility of the carboxylate to electrostatic 
interactions with bound Lys on binding affinity and selectivity. 
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Figure 2.25. Gas phase molecular modeling energy minimization of A2G bound to BuNMe3.  
The twisting of the A subunits and orientation of the G-subunit generates a barrel-like 
conformation for A2G, which deepens the binding pocket relative to benzene-containing 
macrocycles.  
b. DCC Libraries 
DCC libraries with monomers A (2 mM), G (1 mM), and peptide guest (3 mM) 
biased toward the formation of A2G, exhibited little variation between the untemplated, 
KMe2, R, RMe, sRMe2, and aRMe2; however, in the presence of KMe3 a set of A2G isomers 
were significantly amplified (Figure 2.26).  In order to further investigate amplification and 
selectivity, the libraries were repeated at a reduced concentration (0.5 mM A, 0.25 mM G, 
0.75 mM guest).  Amplification of A2G was increased to 6.7-fold in the presence of KMe3 
over the untemplated library in eight days.  A2G amplification in the presence of KMe3 was 
3.5-fold greater than in the presence of KMe2 and RaMe2 (Figure 2.27).  No significant 
amplification was observed in the presence of sRMe2, RMe, Arg, KMe, and Lys, suggesting 
that A2G only interacts with these guests through weaker interactions.  
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Figure 2.26. Overlayed HPLC traces at 254 nm of DCC libraries biased toward the 
formation of A2G with monomers A (0.5 mM) and G (0.25 mM) and varying Lys-containing 
peptide guests (0.75 mM). 
 
Figure 2.27. Amplification of A2G in DCC libraries biased toward the formation of A2G 
with monomer A (0.5 mM), monomer G (0.25 mM) and peptide guest (0.75 mM). 
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c. Preparative Synthesis of A2G 
A2G was synthesized using a preparative scale, biased DCC library with a 2:1 ratio of 
monomer A (2.0 mM) to monomer G (1.0 mM) and BuNMe3Br (5.0 mM) in 50 mM sodium 
borate buffer, pH = 8.5 (Figure 2.28).  BuNMe3Br was used because it is commercially 
available and amplified A2G under preparative library conditions.  After the library reached 
equilibrium, the library was filtered and A2G was purified as a mixture of isomers by reverse 
phase HPLC.  The mobile phase was buffered with 10 mM NH4OAc to maintain water 
solubility of the library.   
 
Figure 2.28. A. Schematic of the preparative synthesis of A2G in a DCC library with 
monomer A (2.0 mM) monomer G (1.0 mM) and BuNMe3Br (5 mM). B. Reverse phase 
HPLC trace of the preparative DCC library for the synthesis of A2G which was purified as a 
mixture of isomers. 
d. Binding Studies and Analysis 
Binding studies were conducted using ITC by titrating histone H3 peptides (0.70 – 
2.35 mM) listed in Table 2.1 into the mixture of A2G isomers (80 – 220 µM) in 10 mM 
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sodium borate buffer, pH 8.5.  ITC data was corrected for heat of dilution as described in the 
experimental section and binding curves were fit to a one-site binding model. Binding curves 
were fit to a one-site binding model.  In the case of H3K9Me2, the fitting was not ideal, so 
the error reported in Table 2.2 is propagated from the fittings of the curves rather than the 
average of three trials. 
Surprisingly, despite the deeper binding pocket and accessibility of the carboxylate, 
ITC revealed that A2G binds to H3K9Me3 (Kd = 1.4 ± 0.1 µM) less than two-fold tighter 
than A2B and A2E.  Additionally, while A2G possesses a deeper binding pocket, it is also 
larger than the benzene-based A2X receptors.  Thus, hydrophobic packing, cation-π and van 
der Waals interactions may be reduced.  Additionally, A2G cannot completely cap the 
quaternary ammonium of KMe3 like A2N.  This incomplete capping, in addition to the 
increased size of the binding pocket likely reduces cation-π and van der Waals interactions 
possible with KMe3 when compared to A2N.  
While the deepened binding pocket only slightly improved binding to H3K9Me3, it 
significantly improved selectivity by a factor of greater than four for H3K9Me3 over 
H3K9Me2 (Kd = 13.2 ± 2.4 µM) when compared to A2B, and A2C, and a factor of eight over 
A2E.  Interestingly, binding to H3K9Me (Kd = 15 ± 1 µM) was similar to H3K9Me2, likely 
due to conformational freedom of the receptor to maximize cation-π interactions with the Lys 
side chain and N-CH3 groups. 
Binding to H3K9 (Kd = 58 ± 7 µM) was significantly weaker than the methylated 
derivatives, and slightly weaker than the other macrocycles in this study. It should be noted 
that binding of A2D to H3K9 was also determined to be >60 µM.64  This is likely due to the 
increased hydrophobicity of A2D and A2G relative to the other receptors in this study. 
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Comparison of H3R8GK9Me3 reveals that R8 contributes 0.8 kcal/mol of binding 
affinity for A2G binding to H3K9Me3.  This reduced influence on binding to H3K9Me3 is 
consistent with A2N and suggests that the deep binding pockets are more selective for the 
targeted amino acid, while receptors with shallow binding pockets that rely on binding 
through electrostatic interactions are more promiscuous and garner affinity from electrostatic 
contacts on the exterior of the macrocycle.  A2B, A2C and A2E have shallow pockets and are 
significantly influenced by R8 (7-fold for A2B, 14-fold for A2C, 13-fold for A2E) while 
receptors with deeper pockets bind more tightly to the amino acid side chain and cannot 
make strong contacts with R8 in order to form more favorable cation-π interactions with 
KMe3, therefore binding to KMe3 improved to a lesser degree in the presence of R8 (4-fold 
for A2N and A2G). 
iii. Comparison of A2G to A2N 
In comparison to A2B and A2C, binding selectivity for H3K9Me3 over H3K9Me2 is 
improved by a factor of four for A2G.  This is similar to the 5-fold improvement in selectivity 
observed for A2N, when compared to A2B and A2C.  In both A2G and A2N, binding to 
H3K9Me2 was more enthalpically favorable but also significantly more entropically 
unfavorable (2 kcal/mol for A2N and 3 kcal/mol for A2G) than binding to H3K9Me3.  This 
suggests that the selectivity for binding KMe3 over KMe2 in deep, aromatic binding pockets 
arises from an entropic cost, rather than enthalpic.   
iv. Monomer H 
a. Monomer Design 
 Monomer H was synthesized as a naphthalene-derived surrogate for monomer N, 
capable of forming a significantly deeper hydrophobic binding pocket than A2D to provide 
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selective binding of the higher methylation states of Lys.  Similar to the binding mechanism 
of A2E and A2C, monomer H could provide additional electrostatic and hydrogen bonding 
interactions with the lower methylation states of Lys with its the carboxylic acid, which is 
proximal to the hydrophobic binding pocket.  Monomer H was synthesized following a 
modified published procedure66 to afford the monomer in 55% yield (unoptimized) over 4 
steps from commercially available starting material (Scheme 2.1).   
 
Scheme 2.1. Synthesis of monomer H. 
b. DCC Libraries 
 DCC libraries were biased toward the formation of A2H with two equivalents of 
monomer A (2 mM), one equivalent of monomer C (1 mM), and three equivalents of guest 
(Ac-ZGGY-NH2, where Z corresponds to one of the methylation states of Lys or Arg), or no 
guest in the case of the untemplated library.  Libraries were set up in 50 mM sodium borate 
buffer, pH 8.5 to ensure solubility of guests and reproducibility of conditions.  Interestingly, 
each library produced two A2H species almost exclusively after two days.  Untemplated 
libraries produced a variety of species, but both A2H macrocycles were dominant, suggesting 
that A2H is the most thermodynamically favorable species in the library, regardless of guest 
present (Figure 2.29).  Subsequent molecular modeling suggested that the unsubstituted aryl 
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ring of the naphthalene fits ideally inside the A2-cleft of A2H, forming four intramolecular 
edge-face ArH-π interactions, providing the self-templating effect observed in DCL’s (Figure 
2.30).  Binding studies by ITC confirmed that A2H interacts only weakly with KMe3 and 
shows little to no selectivity for KMe3 over unmethylated Lys, suggesting that favorable 
intermolecular cation-π and hydrophobic interactions cannot overcome the intramolecular 
hydrophobic and ArH-π interactions.  Work is currently being pursued in our lab to 
synthesize novel derivatives of monomer H that are sterically occluded from binding within 
the A2-cleft of the A2X macrocycle.  
 
Figure 2.29. Overlay of dynamic combinatorial libraries biased toward the formation for 
A2H with monomers A (2 mM), H (1 mM) and peptide guest (3 mM). 
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Figure 2.30. Gas phase molecular modeling energy minimization of the A2H macrocycle. 
v. Monomer J 
a. Monomer Design 
Monomer J is a derivative of naphthalene monomers capable of providing flexibility 
in the binding pocket and a bend in macrocycle frame.  The synthesis begins with racemic 
binol and affords the water-soluble, racemic J in seven contiguous steps (Scheme 2.2). The 
monomer was synthesized as a racemic mixture, with the goal of synthesizing the 
enantiopure compound if receptors containing J were identified.  J is a unique monomer in 
that it affords two naphthalene units and a single bond around which limited rotation can 
occur.  Incorporation of J into mercaptophane receptors would provide a surrogate for 
monomer A, introducing flexibility in the macrocycle framework and potentially providing 
interesting binding characteristics. 
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Scheme 2.2. Synthesis of monomer J. 
b. DCC Libraries 
Preliminary DCC libraries have been dominated by the formation of a J2 species, 
suggesting that J rapidly forms a thermodynamically stable dimer in the presence or absence 
of guests.  Some monomers, including A, B, D, and H have been incorporated into 
macrocycles containing monomer J; however, no differential amplification of these 
macrocycles has been observed.  Nonetheless, because monomer J is incorporated into a 
variety of macrocycles further studies are being conducted to elucidate potential novel small 
molecule receptors with this potentially versatile new monomer. 
vi. Effects of Ionic Strength on Binding in Water 
 In order to investigate the effect of salt concentration on binding affinity and 
selectivity, the binding of A2E to H3K9Me2 was investigated by ITC in 100 mM sodium 
borate buffer, pH 8.6.  In 1993, Kearney and coworkers reported that increasing the ionic 
strength of solution from 10 mM borate buffer to 25 mM phosphate buffer led to a one 
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kcal/mol decrease in binding affinity for methylated ammonium guests by their cyclophane 
receptor.53  Similarly, Hof and coworkers investigated a variety of factors that contribute to 
binding of methylated ammoniums and KMe3 to sulfonated calixarenes, with results 
indicating that affinity decreased by a factor of 3-8 in high salt conditions (140 mM).71  In 
agreement with these studies, binding of A2E to H3K9Me2 was decreased by a factor of 3.4 
(Kd = 9.5 ± 1.1 µM), likely due to the increased cost of desolvation of KMe2 with increased 
ionic strength of solution.71 
 
Figure 2.31. ITC titration of A2E (168 µM) into WH3K9Me2 (1.1 mM) in 100 mM sodium 
borate buffer, pH = 8.6. 
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E. Conclusions 
 In conclusion, we have performed a structure function study of small molecule 
mercaptophane receptors using dynamic combinatorial chemistry in order to provide insight 
into the mechanisms of recognition of PTMs in the context of peptides.  DCC was an 
advantageous approach because the synthesis of monomers is relatively simple when 
compared to asymmetric modification of macrocycles, or the complete synthesis of novel 
macrocycles.   
 For receptors with shallow binding pockets, binding to methylated Lys can be 
improved by electrostatic interactions, with little change in binding selectivity.  This is 
probably because of the ability of solvent to continue to solvated non-quaternized ammonium 
ions in shallow binding pockets, without water entering the binding pocket.  This is similar to 
the shallow binding pockets of the HP1 chromodomain34 and BPTF PHD finger,35 which 
both exhibit limited selectivity for binding KMe3 over KMe2. 
 In contrast, receptors with deep binding pockets exhibit better selectivity between the 
different methylation states of Lys, likely because of the increased cost of desolvation of Lys 
in a hydrophobic pocket.  Similar to proteins with shallow binding pockets, KMe2 is likely 
hydrogen-bonded to water when bound in shallow receptors.34,35  KMe2 remaining hydrogen 
bonded to water when bound in a receptor with a deep binding pocket would result in high 
energy water, which is entropically costly.  This, along with a better fit for KMe3, is likely 
the source of binding selectivity for KMe3 over KMe2 for receptors with deep binding 
pockets.  
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F. Ongoing Work and Future Directions for this Project 
Additional studies are currently being performed in an effort to incorporate monomer 
F into the A2X macrocycle (Figure 2.32). 
 
Figure 2.32. The synthesis of A2F from monomers A and monomer F. 
i. Monomer F 
a. Monomer Design 
In order to quantify the contribution of a single electrostatic interaction to binding 
affinity and selectivity, monomer F was incorporated into the A2X macrocycle.  
Interestingly, while monomer F is soluble in water, it forms insoluble oligomers and 
polymers upon oxidation.  Precipitation of insoluble oligomers pulls monomer F out of the 
equilibrium, leading to further oligomerization and precipitation.  Because of this 
precipitation, thermodynamic equilibrium cannot be achieved with monomer F in solution.  
Subsequent DCC library screening with peptide guests for amplification data was forgone. 
b. Synthesis of A2F 
Fortunately, F-containing oligomers and macrocycles, including A2F remain in 
solution for up to two days post mixing.  Preparative scale DCC libraries were generated with 
two equivalents of monomer A (5 mM), one equivalent of monomer F (2.5 mM), and five 
equivalents of AcCH (12.5 mM).  Following equilibration for two days, the library was 
acidified to quench the equilibrium, diluted with acetonitrile, and filtered. Unfortunately A2F 
has yet to be purified by reverse phase HPLC. 
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G. Experimental 
For experimental details pertaining to analytical HPLC, analytical LC/MS, and 
peptide synthesis and purification refer to Chapter 1.  
i. Biased DCC Screening Libraries: General Procedure 
 Libraries biased toward the formation of A2X were prepared by combining monomer 
A (2 or 5 mM) and monomer X (1 or 2.5 mM) in sodium borate buffer (50 mM, pH 8.5).  
Libraries were prepared in the presence of a peptide guest (3 or 7.5 mM) Ac-KMexGGY-
NH2, where X = 0, 1, 2, or 3, or no guest in the case of an untemplated library.  Libraries 
were prepared at volumes of 350 – 500 µL and stored either in LC/MS vials or Eppendorf 
tubes and capped.  Prior to monitoring, an aliquot of each library was removed and filtered 
with a 0.22 µm PVDF filter and transferred to an LC/MS vial equipped with a 150 µL glass 
insert.  Libraries were monitored every 3-6 days for up to four weeks by reverse phase 
HPLC. Libraries containing peaks that were amplified selectively were analyzed by LC/MS 
to identify the peak by mass. 
ii. Biased Low Concentration DCC Libraries: General Procedure 
 To obtain amplification factors, libraries were prepared as described above at 5-10x 
reduced concentrations of monomer and guest.  Monomer A (0.5 mM) was combined with 
monomer X (0.25 mM) and peptide guest (0.75 mM) Ac-KMexGGY-NH2, or no guest in 
sodium borate buffer (50 mM, pH 8.5).  Low concentration DCC libraries were analyzed 
following the same procedure as biased screening DCC libraries. 
iii. Preparative Synthesis of A2E 
A2E was synthesized using a preparative scale, biased DCC library with a 1:1 ratio of 
monomer A (2 mM) to monomer E (2 mM) and NMe4OH (5 mM) in 50 mM sodium borate 
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buffer, pH = 8.5.  The library was allowed to equilibrate in a closed, stirring scintillation vial 
for at least 5 days, but no more than 21 days.  In many cases, the library equilibration 
progress was monitored by analytical HPLC.  Once A2E was the major species in the library, 
the library solution was filtered and A2E was purified by semipreparative reverse phase 
HPLC with an optimized gradient of A and B (A: 100% H2O, 10 mM NH4OAc; B: 90% 
CH3CN, 10% H2O, 10 mM NH4OAc).  A2E was collected as two peaks, lyophilized and 
purified a second time by HPLC.  This sample was frozen and lyophilized for a minimum of 
4 days.  1H NMR (D2O, 50 mM borate buffer, pD =9.25, 600 MHz, 47 °C): 7.639 (2H, s), 
7.432 (2H, d), 7.387 (2H, d), 7.226 (2H, s), 7.042 (2H, d), 6.954 (2H, d), 6.510 (2H, d), 5.644 
(1H, broad t), 5.357 (2H, s), 5.108 (2H, s). MS ESI(-). Expected: 890.96 [M-H]-; Observed: 
890.91 [M-H]-. 
iv. 1H NMR Characterization of A2E 
1H NMR was conducted on a 600 MHz Bruker NMR at variable temperature (VT), 
ranging from 5 °C to 47 °C.  A 790 µM sample of A2E was prepared in buffered D2O (50 
mM borate buffer, pD = 9.25) with DSS (50 µM) as an internal standard.  The 1D spectra of 
A2E were collected at VT using 32K data points and 16-128 scans with 4 second 
presaturation and 3.5 second acquisition time.  2D experiments used for structural analysis 
include TOCSY and NOESY experiments.  VT NMR was performed in order to elucidate the 
dynamic behavior of A2E in solution. 
v. Extinction Coefficient Determination of A2E 
 Following purification by reverse phase HPLC in buffered conditions (10 mM 
NH4OAc buffer in H2O and CH3CN), A2E was frozen and lyophilized to a powder, and 
remaining NH4OAc salts were sublimated for 8 days under high vacuum.  The resulting 
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white film was dissolved in methanol (anhydrous, 2 fractions, 1.2 mL total volume) and 
filtered using a 0.22 µm PVDF syringe cap filter to remove insoluble particulates and 
transferred to a pre-tared vial.  The solvent was removed under reduced pressure and the 
sample was dried for 8 hours under high vacuum and the mass of A2E was accurately 
determined.  The white film was then dissolved in 10 mM sodium borate buffer (pH 8.5), 
vortexed, sonicated, and rested for 4 hours to ensure complete solvation of A2E to give a 
concentration of 1.004 mM.9  Serial dilution (1:2) of this stock solution was performed to 
give 7 concentrations. The UV-Vis absorbance spectrum was measured for each sample.  A 
persistent bump was present in the UV-Vis spectrum at 297 nm and was used to determine 
the extinction coefficient of A2E.  The absorbance was plotted versus concentration of A2E, 
the y-intercept was set to zero, and according to Beer’s Law the slope corresponded to the 
extinction coefficient at 297 nm.  The dilution series was conducted in duplicate on two 
separate days and the extinction coefficient was identical for both experiments. 
vi. Fluorescence Anisotropy 
 To determine whether fluorescence anisotropy is a viable technique for binding 
studies with A2E and histone H3 peptides, a solution of A2E (0-195 µM) was titrated into 
FAM_H3R8GK9G (25 µM), a control peptide, expected to have low affinity in sodium 
phosphate buffer (10 mM, pH 8.5).  The concentration of stock solutions of A2E and 
FAM_H3R8GK9G were determined by UV-Vis at 297 nm (ε = 10,000 M-1cm-1) and 492 nm 
(ε = 78,000 M-1cm-1), respectively, on a NanoDrop Spectrophotometer.  Assays were 
prepared in 96-well plates (Corning) with a total volume of 50 µL per well, containing 25 µM 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  9	  It was recently noted that the concentration of these solutions appears to increase between 
15 minutes and 4 hours. Presumably solvation of these macrocycles increases over time. 
Resting these samples is critical to ensure the measurement of accurate concentrations.	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peptide and varying concentration of A2E.  Plates were covered with parafilm and foil to 
prevent photobleaching of the fluorophore and spun down at 4,000 rpm for two minutes.  
Plates were incubated for 15 minutes at room temperature.  Fluorescence anisotropy and 
fluorescence intensity were measure on a POLARstar plate reader (BMG Labtech) using 
FP485, 520A, and 520B filters at 23 °C.  The anisotropy and fluorescence intensity data were 
plotted as a function of A2E concentration.  All measurements were performed in triplicate. 
vii. ITC Measurements 
ITC titrations were performed on a Microcal AutoITC200. Titrations were carried out 
at 298 K in buffered H2O (10 mM sodium borate buffer, pH 8.5). The concentration of 
receptor was determined by measuring the UV absorbance using a NanoDrop2000 with a 
xenon flash lamp, 2048 element linear silicon CCD array detector, and 1 mm path length. A 
1−2 mM solution of peptide was titrated into an 65−230 µM solution of receptor, using 2.0 
µL increments every 3 minutes. Heats of dilution were subtracted prior to fitting using either 
the extrapolation method of subtraction (for titration of A2E into WH3K9Me3 and A2E into 
WH3R8GK9Me3) or the direct method of subtraction (all other samples). Binding curves 
were produced using the supplied Origin software and fit using one-site binding models. N 
values are excluded from this discussion because of error in receptor concentration 
determination. 
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Figure 2.33. ITC titration of A2E (150 µM) into WH3K9Me3 (1.1 mM) in 10 mM sodium 
borate buffer, pH 8.5. Prior to data analysis, heat of dilution was subtracted using the “Direct 
Method” as described above. 
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Figure 2. 34. ITC titration of A2G (65 µM) into WH3K9Me3 (0.713 mM) in sodium borate 
buffer (10 mM, pH 8.5). Heat of dilution was subtracted using the “Extrapolation Method” 
described above. 
viii. ITC Heat of Dilution Subtraction: Direct Method 
 Heat of dilution titrations were measured on a Microcal AutoITC200 at 298K.  In 
parallel to binding measurements by ITC, peptide (1-2 mM) was titrated into sodium borate 
buffer (10 mM, pH 8.5) using 2.0 µL increments every 3 minutes.  The resulting data was 
manually integrated to reduce error in automatic baseline calculations.  The resulting 
normalized changes in enthalpy (NDH) measurements were normalized for peptide 
concentration and subtracted directly from NDH measurements for all subsequent ITC 
titrations from that peptide stock solution. 
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ix. Heat of Dilution: Extrapolation Method 
 Binding ITC titrations for A2E into WH3K9Me3 and WH3R8GK9Me3 generated at 
least 5 data points post receptor saturation (the change in slope minimized and began to 
approach zero).  The heats of dilution titrations for both receptors was negligible, so the heat 
produced during the final 5 measurements were determined to be the heat of dilution of the 
system.  The last 5 points were averaged and subtracted from each point in the titration prior 
to fitting to a one-site binding model.
185	  
REFERENCES 
1. Beaver, J.E.,* Peacor, B.C.,* Bain, J.V., James, L.I., Waters, M.L. Contributions of 
Pocket Depth and Electrostatic Interactions to Affinity and Selectivity of Receptors for 
Methylated Lysine in Water. Org. Biomol. Chem. 13,  3220-3226 (2015). 
2. Ulrich, S. & Dumy, P. Synthesis and Application of Macrocycles Using Dynamic 
Combinatorial Chemistry. Chem. Commun. 50, 5810–25 (2014). 
3. Saggiomo, V. in New Strateg. Chem. Synth. Catal. (Pignataro, B.) (Wiley-VCH 
Verlag GmbH & Co. KGaA., 2012). 
4. Kim, S. K., Lee, D. H., Hong, J.-I. & Yoon, J. Chemosensors for pyrophosphate. Acc. 
Chem. Res. 42, 23–31 (2009). 
5. Pinalli, R. & Dalcanale, E. Supramolecular sensing with phosphonate cavitands. Acc. 
Chem. Res. 46, 399–411 (2013). 
6. Rothbart, S. B., Krajewski, K., Strahl, B. D. & Fuchs, S. M. Peptide microarrays to 
interrogate the “histone code.”Methods Enzymol. 512, 107–35 (Elsevier Inc., 2012). 
7. Dougherty, D. a. The Cation-π Interaction. Acc. Chem. Res. 46, 885–893 (2013). 
8. Li, J., Nowak, P. & Otto, S. Dynamic combinatorial libraries: from exploring 
molecular recognition to systems chemistry. J. Am. Chem. Soc. 135, 9222–39 (2013). 
9. Strahl, B. D., Ohba, R., Cook, R. G. & Allis, C. D. Methylation of histone H3 at lysine 
4 is highly conserved and correlates with transcriptionally active nuclei in 
Tetrahymena. Proc. Natl. Acad. Sci. U. S. A. 96, 14967–14972 (1999). 
10. Kouzarides, T. Histone methylation in transcriptional control. Curr. Opin. Genet. Dev. 
12, 198–209 (2002). 
11. Berger, S. L. Histone modifications in transcriptional regulation. Curr. Opin. Genet. 
Dev. 12, 142–8 (2002). 
12. Martin, C. & Zhang, Y. The diverse functions of histone lysine methylation. Nat. Rev. 
Mol. Cell Biol. 6, 838–849 (2005). 
13. Wu, H. et al. Structural biology of human H3K9 methyltransferases. PLoS One 5, 
e8570 (2010). 
14. Nguyen, B. T. & Anslyn, E. V. Indicator–displacement assays. Coord. Chem. Rev. 
250, 3118–3127 (2006). 
186	  
15. Florea, M. et al. A fluorescence-based supramolecular tandem assay for monitoring 
lysine methyltransferase activity in homogeneous solution. Chem. Eur. J. 18, 3521–
3528 (2012). 
16. Tabet, S. et al. Synthetic trimethyllysine receptors that bind histone 3, trimethyllysine 
27 (H3K27me3) and disrupt its interaction with the epigenetic reader protein CBX7. 
Bioorg. Med. Chem. 21, 7004–10 (2013). 
17. Shaurya, A., Dubicki, K. I. & Hof, F. Chemical agents for binding post-translationally 
methylated lysines and arginines. Supramol. Chem. 26, 583–590 (2014). 
18. Schneider, H.-J. Binding mechanisms in supramolecular complexes. Angew. Chem., 
Int. Ed. Engl. 48, 3924–77 (2009). 
19. Riemen, A. J. & Waters, M. L. Design of highly stabilized beta-hairpin peptides 
through cation-pi interactions of lysine and n-methyllysine with an aromatic pocket. 
Biochemistry 48, 1525–31 (2009). 
20. Dougherty, D. A. & Stauffer, D. A. Acetylcholine binding by a synthetic receptor: 
implications for biological recognition. Science 250, 1558–1560 (1990). 
21. Ma, J. C. & Dougherty, D. a. The Cation−π Interaction. Chem. Rev. 97, 1303–1324 
(1997). 
22. Jacobs, S. A. et al. Specificity of the HP1 chromo domain for the methylated N-
terminus of histone H3. EMBO J. 20, (2001). 
23. Hughes, R. M., Wiggins, K. R., Khorasanizadeh, S. & Waters, M. L. Recognition of 
trimethyllysine by a chromodomain is not driven by the hydrophobic effect. Proc. 
Natl. Acad. Sci. U. S. A. 104, 11184–11188 (2007). 
24. Walsh, C. T., Garneau-Tsodikova, S. & Gatto, G. J. Protein posttranslational 
modifications: The chemistry of proteome diversifications. Angew. Chem., Int. Ed. 
Engl. 44, 7342–7372 (2005). 
25. Fuchs, S. M., Krajewski, K., Baker, R. W., Miller, V. L. & Brian, D. Influence of 
combinatorial histone modifications on antibody and effector protein recognition. 
Curr. Biol. 21, 53–58 (2012). 
26. Bock, I. et al. Detailed specificity analysis of antibodies binding to modified histone 
tails with peptide arrays. Epigenetics 6, 256–263 (2011). 
27. Fuchs, S. M. & Strahl, B. D. Antibody recognition of histone post-translational 
modifications: emerging issues and future prospects. Epigenomics 3, 247–249 (2011). 
187	  
28. Allen, H. F. et al. Inhibition of histone binding by supramolecular hosts. Biochem. J. 
459, 505–512 (2014). 
29. Lee, D. Y., Teyssier, C., Strahl, B. D. & Stallcup, M. R. Role of Protein Methylation 
in Regulation of Transcription. Endocr. Rev. 26, 147–170 (2005). 
30. Campagna-Slater, V. & Schapira, M. Finding Inspiration in the Protein Data Bank to 
Chemically Antagonize Readers of the Histone Code. Mol. Inform. 29, 322–331 
(2010). 
31. Mellor, J. It takes a PHD to read the histone code. Cell 126, 22–4 (2006). 
32. Taverna, S. D., Li, H., Ruthenburg, A. J., Allis, C. D. & Patel, D. J. How chromatin-
binding modules interpret histone modifications: lessons from professional pocket 
pickers. Nat. Struct. Mol. Biol. 14, 1025–1040 (2007). 
33. Nielsen, P. R. et al. Structure of the HP1 chromodomain bound to histone H3 
methylated at lysine 9. Nature 416, 103–7 (2002). 
34. Jacobs, S. A. & Khorasanizadeh, S. Structure of HP1 Chromodomain Bound to a 
Lysine 9-Methylated HistoneH3 Tail. Science 295, 2080–2083 (2002). 
35. Li, H. et al. Molecular basis for site-specific read-out of histone H3K4me3 by the 
BPTF PHD finger of NURF. Nature 442, 91–5 (2006). 
36. Wysocka, J. et al. A PHD finger of NURF couples histone H3 lysine 4 trimethylation 
with chromatin remodelling. Nature 442, 86–90 (2006). 
37. Lusser, A., Urwin, D. L. & Kadonaga, J. T. Distinct activities of CHD1 and ACF in 
ATP-dependent chromatin assembly. Nat. Struct. Mol. Biol. 12, 160–166 (2005). 
38. Huang, Y., Fang, J., Bedford, M., Zhang, Y. & Ming, R. Recognition of Histone H3 
Lysine-4 Methylation by the Double Tudor Domain of JMJD2A Author ( s ): Science 
312, 748–751 (2006). 
39. Botuyan, M. V. et al. Structural basis for the methylation state-specific recognition of 
histone H4-K20 by 53BP1 and Crb2 in DNA repair. Cell 127, 1361–73 (2006). 
40. Li, H. et al. Structural basis for lower lysine methylation state-specific readout by 
MBT repeats of L3MBTL1 and an engineered PHD finger. Mol. Cell 28, 677–91 
(2007). 
41. Guo, Y. et al. Methylation-state-specific recognition of histones by the MBT repeat 
protein L3MBTL2. Nucleic Acids Res. 37, 2204–10 (2009). 
188	  
42. Ooi, S. K. T. et al. DNMT3L connects unmethylated lysine 4 of histone H3 to de novo 
methylation of DNA. Nature 448, 714–7 (2007). 
43. Lan, F. et al. Recognition of unmethylated histone H3 lysine 4 links BHC80 to LSD1-
mediated gene repression. Nature 448, 718–22 (2007). 
44. Eisert, R. J. & Waters, M. L. Tuning HP1α chromodomain selectivity for di- and 
trimethyllysine. Chembiochem 12, 2786–2790 (2011). 
45. Daze, K. D. & Hof, F. The Cation-π Interaction at Protein-Protein Interaction 
Interfaces: Developing and Learning. Acc. Chem. Res. 46, 937–945 (2013). 
46. Beshara, C. S., Jones, C. E., Daze, K. D., Lilgert, B. J. & Hof, F. A simple calixarene 
recognizes post-translationally methylated lysine. Chembiochem 11, 63–6 (2010). 
47. Ingerman, L. a, Cuellar, M. E. & Waters, M. L. A small molecule receptor that 
selectively recognizes trimethyl lysine in a histone peptide with native protein-like 
affinity. Chem. Commun. 46, 1839–41 (2010). 
48. Whiting, A. L. & Hof, F. Binding trimethyllysine and other cationic guests in water 
with a series of indole-derived hosts: large differences in affinity from subtle changes 
in structure. Org. Biomol. Chem. 10, 6885–92 (2012). 
49. Daze, K. D. et al. Supramolecular hosts that recognize methyllysines and disrupt the 
interaction between a modified histone tail and its epigenetic reader protein. Chem. 
Sci. 3, 2695 (2012). 
50. Daze, K. D., Ma, M. C. F., Pineux, F. & Hof, F. Synthesis of new trisulfonated 
calix[4]arenes functionalized at the upper rim, and their complexation with the 
trimethyllysine epigenetic mark. Org. Lett. 14, 1512–5 (2012). 
51. Li, C. et al. Molecular selective binding of basic amino acids by a water-soluble 
pillar[5]arene. Chem. Commun. 49, 1924–6 (2013). 
52. Gamal-Eldin, M. a & Macartney, D. H. Selective molecular recognition of methylated 
lysines and arginines by cucurbit[6]uril and cucurbit[7]uril in aqueous solution. Org. 
Biomol. Chem. 11, 488–95 (2013). 
53. Kearney, P. C. et al. Molecular recognition in aqueous media. New binding studies 
provide further insights into the cation-pi interaction and related phenomena. J. Am. 
Chem. Soc. 115, 9907–9919 (1993). 
54. Shepodd, T. J., Petti, M. a & Dougherty, D. a. Tight, oriented binding of an aliphatic 
guest by a new class of water-soluble molecules with hydrophobic binding sites. J. 
Am. Chem. Soc. 108, 6085–6087 (1986). 
189	  
55. Pettila, M. A., Shepoddlb, T. J. & Dougherty, D. A. Design and Synthesis of a New 
Class of Hydrophobic Binding Sites. Tetrahedron Lett. 27, 807–810 (1986). 
56. Petti, M. A., Shepodd, T. J., Barrans, R. E. J. & Dougherty, D. A. “Hydrophobic” 
Binding of Water-Soluble Guests by High-Symmetry, Chiral Hosts. An Electron-Rich 
Receptor Site with a General Affinity for Quaternary Ammonium. J. Am. Chem. Soc. 
110, 6825–6840 (1988). 
57. Ngola, S. M., Kearney, P. C., Mecozzi, S., Russell, K. & Dougherty, D. a. A Selective 
Receptor for Arginine Derivatives in Aqueous Media. Energetic Consequences of Salt 
Bridges That Are Highly Exposed to Water. J. Am. Chem. Soc. 121, 1192–1201 
(1999). 
58. Beshara, C. S. & Hof, F. Modular incorporation of 1-benzyltryptophan into dipeptide 
hosts that bind acetylcholine in pure water. Can. J. Chem. 88, 1009–1016 (2010). 
59. Coleman, A. et al. in Top. Curr. Chem. Vol. 277 (Schrader, T.) 31–88 (Springer, 
2007). 
60. Douteau-guével, N., Coleman, A. W., Morel, J. & Morel-desrosiers, N. Complexation 
of the basic amino acids lysine and arginine by three sulfonatocalix[n]arenes (n=4, 6 
and 8) in water: microcalorimetric determination of the Gibbs energies, enthalpies and 
entropies of complexation. J. Chem. Soc. Perkin Trans. 2 3, 629–633 (1999). 
61. Douteau-Guével, N., Perret, F., Coleman, A. W., Morel, J.-P. & Morel-Desrosiers, N. 
Binding of dipeptides and tripeptides containing lysine or arginine by p-
sulfonatocalixarenes in water: NMR and microcalorimetric studies. J. Chem. Soc. 
Perkin Trans. 2 524–532 (2002). doi:10.1039/b109553f 
62. Corbett, P. T. et al. Dynamic combinatorial chemistry. Chem. Rev. 106, 3652–3711 
(2006). 
63. Pinkin, N. K. & Waters, M. L. Development and Mechanistic Studies of an Optimized 
Receptor for KMe3 Using Iterative Redesign by Dynamic Combinatorial Chemistry. 
Org. Biomol. Chem. DOI: 10.1029/c4ob01249f (2014). 
64. James, L. I., Beaver, J. E., Rice, N. W. & Waters, M. L. A synthetic receptor for 
asymmetric dimethyl arginine. J. Am. Chem. Soc. 135, 6450–5 (2013). 
65. Hamieh, S. et al. A “dial-a-receptor” dynamic combinatorial library. Angew. Chem., 
Int. Ed. Engl. 52, 12368–72 (2013). 
66. Corbett, P. T., Sanders, J. K. M. & Otto, S. Exploring the relation between 
amplification and binding in dynamic combinatorial libraries of macrocyclic synthetic 
receptors in water. Chem. Eur. J. 14, 2153–2166 (2008). 
190	  
67. Ingerman, L. A. Dynamic combinatorial chemistry as a tool in the identification of 
novel receptors for biomolecules. ProQuest Diss. Theses 1–328 (2010). at 
<http://libproxy.lib.unc.edu/login?url=http://search.proquest.com/docview/751260390
?accountid=14244> 
68. Wiseman, T., Williston, S., Brandts, J. F. & Lin, N. L. Rapid measurement of binding 
constants and heats of binding using a new titration calorimeter. Anal. Biochem. 179, 
131–137 (1989). 
69. Fedorov, D. G. & Kitaura, K. Energy Decomposition Analysis in Solution Based on 
the Fragment Molecular Orbital Method. J. Phys. Chem. A 116, 704–719 (2012). 
70. Hughes, R. M., Waters, M. L., Hill, C. & Carolina, N. Effects of Lysine Acetylation in 
a beta-Hairpin Peptide: Comparison of an Amide-π and a Cation-π Interaction 
modification of histone proteins. J. Am. Chem. Soc. 128, 13586–13591 (2006). 
71. Daze, K. D., Jones, C. E., Lilgert, B. J., Beshara, C. S. & Hof, F. Determining the 
effects of salt, buffer, and temperature on the complexation of methylated ammonium 
ions and methyllysines by sulfonated calixarenes. Can. J. Chem. 91, 1072–1076 
(2013).  
 
191	  
CHAPTER 3 
PROGRESS TOWARD THE IDENTIFICATION OF SMALL MOLECULE RECEPTORS 
FOR 3-NITROTYROSINE 
 
A. Introduction 
i. Biological Significance 
Post-translational modifications (PTMs) of proteins affect their activity, localization, 
and interactions with other proteins.1  While physiological consequences can be attributed to 
some PTMs, the overall understanding of the proteomics of modified proteins is still lacking. 
PTMs are not homogenous within a group of proteins, and their low prevalence in biological 
systems makes them difficult to study, despite a wealth of methods for protein analysis.2,3 
With the emergence of our understanding of oxidative stress, multiple reviews have 
pointed to the formation of 3-nitrotyrosine (3NT) as a marker for exposure to oxidative 
stress.4–12  Under oxidative conditions, tyrosine residues can be nitrated to form 3NT from 
reaction with the peroxynitrite anion (ONOO-).  ONOO-, which is stable in alkaline solution 
and decays rapidly upon protonation, is formed from the reaction of nitrous oxide (NO) 
radical and superoxide radical.  NO is formed by nitrous oxide synthase as a byproduct 
during the deimination of Arg.  ONOO- is generated in the mitochondrial membrane and is 
involved in the oxidation of a variety of biological species, including lipids, proteins and 
DNA.8
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The prevalence of 3NT increases in humans with age, and high abundance of 3NT has been 
associated with over 50 different disease states,13 including Alzheimer’s disease,14,15 
amyotrophic lateral sclerosis,16 type 1 diabetes,17 and autism.8   The formation of 3NT is 
believed to be a result of exposure to oxidative processes and has been proposed to be a 
potential early predictor of disease; however, it remains unclear if Tyr-nitration is a 
progenator of disease, or is just a marker for oxidative stress.6  Additionally, oxidative stress 
is associated with many disease states, but its role in disease pathogenesis is unclear.15  
Significant work has been done in the area understanding the formation of 3NT and its 
biological contributions to the pathogenesis of disease in recent years.8,11,12,18 
Interestingly, Tyr-nitration is not ubiquitous across proteins and the prevalence of 
3NT does not correlate with protein abundance.  For example, human serum albuman (HSA) 
is the most abundant protein in blood plasma but is nitrated less frequently than other plasma 
proteins.8  Additionally, Tyr-nitration is not random and in the case of HSA, nitration only 
occurs on two out of 18 Tyr residues in the protein.  
Several factors determine whether a Tyr is nitrated, including solvent accessibility, 
neighboring sequence and surrounding protein environment.  3NT typically occurs in loop 
structures of proteins, rather than confined or well-defined secondary structure.  The presence 
of a nearby negative charge can also increase the prevalence of Tyr nitration.  Conversely, 
neighboring Met and Cys, which have lower oxidative potential, act as radical scavengers, 
and may prevent the formation of 3NT.5  This specificity in 3NT formation suggests that Tyr-
nitration is selective and may act as a physiologically relevant signal.9 
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ii. Current Methods for Sensing 3NT 
A variety of methods has been adapted for the study of protein Tyr-nitration.  Each of 
the methods described below rely on mass spectrometry (MS), anti-3NT antibodies, or 
reactive tagging for the characterization of 3NT.  The low abundance of 3NT creates issues 
with ion suppression in MS and can lead to the identification of false-positives.11 
Immunohistochemistry, which relies on the use of an anti-3NT antibody, is the most common 
technique used for 3NT detection.13  Western blotting, ELISA, and HPLC coupled with MS 
or UV detection are also common techniques but have been shown to produce varying 
results.13  In addition to the low abundance of 3NT, the anti-3NT antibodies may also 
contribute to inaccuracies in 3NT reporting.  Anti-3NT antibodies can be sequence specific, 
possess variable binding affinities for 3NT, be influenced by secondary structure of the 
peptide, and suffer from occasional irreproducibility and inconsistency between different 
batches of antibody.19   
Often, groups rely on a combination of separation techniques, followed by 
visualization, either by tandem MS, UV, or immunoblotting for the study of 3NT. Not 
surprisingly, identification of nitrated proteins is generally limited to abundant and soluble 
proteins.19 It is unclear if Tyr nitration of abundant, soluble proteins is preferred or if this is a 
result of poor analytical proficiency. 
Many studies have used in vitro protein tyrosine nitration by ONOO- to determine 
which Tyr residues are nitrated under oxidative conditions.  This method has many 
drawbacks including the production of reactive oxygen species, low yield, HPLC purification 
of the protein, as well as multiple steps to decrease side products, unwanted reactions and 
over-nitration.11  
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Another approach to understanding protein Tyr nitration involves the study of 
proteins that are oxidized in the body under various conditions.  This work has been 
facilitated by the recent advances in proteomics of 3NT-modified proteins.  With continued 
advances in proteomic analysis, these studies can greatly improve our understanding of the 
contributions of 3NT to the development of disease.  Proteomic analysis allows the direct 
measurement of protein or peptides and comparison to thousands of protein structures.10,11  
Because in vivo Tyr nitration is not abundant (approximately 0.05% of Tyr are nitrated under 
inflammation conditions), sophisticated enrichment guidelines are followed to increase 
confidence in 3NT identification.  Unfortunately, most reports of protein Tyr-nitration give 
qualitative analyses of 3NT prevalence.  Quantitative data on 3NT abundance under varying 
conditions is lacking.  This is likely because of a combination of low prevalence of 3NT, the 
proteolytic degradation of 3NT, and the reactivity of the 3-nitrophenol under a variety of 
conditions.8  
Biological nitration is another relatively recent technique in which 3NT is 
incorporated into a protein by evolution of an aminoacyl-tRNA synthetase/tRNA pair for the 
cotranslational incorporation of 3NT.  This technique uses AMBER-suppressor tRNAs to 
reassign AMBER nonsense codons to 3NT for the direct incorporation of 3NT into a 
specified location in a protein of interest, enabling analysis of protein function and folding.20  
B. Project Goals and Design 
i. Project Goals 
The difficulty in studying PTMs like 3NT lies in the inability to adequately detect, 
isolate, or amplify modified proteins without altering their activity or biasing results.8  As a 
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result there is still a need for improved 3NT detection techniques, especially for quantitative 
analysis.  
The goal of this project is to identify and develop small molecule receptors that 
selectively bind to 3NT under physiological conditions with high affinity and selectivity over 
Tyr.  Dynamic combinatorial chemistry (DCC) with disulfide exchange is used as a method 
for the simultaneous synthesis and screening of macrocycles for binding affinity and 
selectivity.  DCC monomers are carefully designed to include both water solubility and 
functionalities intended to interact favorably with the functional handles for noncovalent 
interactions on 3NT.  
These receptors could then be used to generate a new set of tools for identifying 
PTMs and provide a wealth of information about host-guest assemblies and biomolecular 
interactions.  The studies described in this report should lead to an increase in our 
understanding of intermolecular interactions under physiological conditions and to the 
development of novel small-molecule receptors for detecting, isolating, and analyzing 
proteins containing 3-NT.  Ultimately, the inexpensive, small-molecule receptors identified 
in the DCC recognition studies can be used in conjunction with antibodies in western blots, 
microarrays, and other standard methods for 3NT-containing protein identification.  
ii. Non-covalent Interactions for Molecular Recognition in Water 
To selectively bind 3NT over Tyr in water, the small molecule receptors must 
capitalize on the differences in non-covalent interactions of the two residues in solution.  A 
brief review of non-covalent interactions in water is described in this section. 
a. Electrostatic Interactions 
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Coulombic attraction between oppositely charged ions is a strong non-covalent 
interaction in gas phase studies; however, in water, substantial desolvation penalties of the 
ions typically negate the favorable charge-charge interaction.21  In bulk solution, ions are 
solvated and dissociate, disfavoring mutual intermolecular interactions.  In contrast, when 
placed in a hydrophobic pocket, or near a hydrophobic environment, the entropic cost of 
remaining solvated compensates for the high cost of desolvation.22  In these hydrophobic 
environments, charged functional groups interact in a distance-dependent manner to 
contribute to favorable molecular recognition interactions (Figure 3.1).  While the 
quantitation of the exact contribution to binding is controversial in physical organic 
chemistry literature,23 substantial experimental evidence points to electrostatic interactions 
improving binding affinity These electrostatic interactions are important in molecular 
recognition between proteins and substrates, such as protein binding pockets,24–26 and small 
molecule receptors27–30 in water, as well as in supramolecular systems, such as coiled-coil α-
helix recognition.23  
 
 
Figure 3.1. A general depiction of electrostatic interactions in water. A. The interaction 
between an ammonium and carboxylate, while complementary, is negligible in aqueous 
solution because of the substantial cost of desolvation of the ions.  B. When encapsulated or 
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proximal to a hydrophobic pocket or environment, the cost of desolvation is decreased and 
electrostatic interactions are generally favorable. 
b. Hydrogen Bonding Interactions 
Hydrogen bonds behave in a manner similar to electrostatic interactions in water.  
Because water is both an excellent hydrogen bond donating and accepting molecule, 
hydrogen bonding functionalities are typically well solvated in aqueous solution and do not 
form intermolecular hydrogen bonds because of a large cost of desolvation.21  Upon 
incorporation into a hydrophobic environment, the cost of desolvation is decreased and 
hydrogen bond donating and accepting groups can form favorable, distance-dependent 
hydrogen bonds (Figure 3.2).  The strength of these hydrogen bonds is dependent on the 
donating and accepting ability of the groups involved and can be enhanced by 
complementary electrostatic interactions similar to the hydrogen bonding interaction of the 
L3MBTL1 binding pocket with mono- and dimethyllysine.25  In a hydrophobic environment, 
in which it would be energetically costly to solvate the hydrogen bonding species, the 
hydrogen bond interaction can provide 0.5-1.5 kcal/mol.25,26 
 
Figure 3.2. A general depiction of hydrogen bonding interactions in water. A. The 
interaction between a hydrogen bond donor (amide NH) and a hydrogen bond acceptor 
(carbonyl O) is negligible in aqueous solution because of the large cost of desolvation. B. 
When encapsulated or proximal to a hydrophobic pocket or environment, the cost of 
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desolvation is decreased and the hydrogen bond contributes 0.5 to 1.5 kcal/mol in favorable 
energy. 
c. π-π Stacking31,32 
The interactions of aromatic rings have been studied extensively for their contribution 
to molecular recognition interactions in both chemical and biological processes.  The 
interactions of arenes can be mostly attributed to dispersion forces, rather than through 
significant interactions with the π orbitals.  Arenes interact via three different geometries: T-
shaped edge-to-face, parallel-displaced or slipped stacking (Figure 3.3), and eclipsed face-to-
face stacking.  T-shaped and parallel-displaced stacking are the most energetically favorable 
geometries, contributing between 1 and 2 kcal/mol in ideal conditions.  Stacking interactions 
are dependent on optimal geometry and proximity, and usually occur at a van der Waals 
distance (ca. 3.5 Å).  
 
Figure 3.3. Two of the three possible geometries for π-π interactions (eclipsed face-to-face is 
the weakest of the three geometries and is not shown). The T-shaped interaction is edge to 
face and occurs as a C-H-π interaction, and is also the same geometry in which substituent 
effects occur predominantly.  Slip-stacking is also described as parallel-displaced stacking 
and also occurs as a C-H-π interaction. 
Interestingly, substituents can influence dispersion forces in π-π stacking interactions.  
These substituent effects are controlled by local interactions between the substituent and the 
neighboring ring.33  The magnitude of substituent effects is dependent upon electron 
withdrawing and electron donating effects of the substituents, but resonance of the ring does 
not affect the interaction.  In an electrostatic model, nitrobenzene would favorably stack with 
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methoxybenzene through electrostatic interactions between the π-faces of the rings.  While 
these arenes can form favorable stacking interactions, the favorable interactions occur either 
directly between substituents or through inductive partial negative and partial positive 
charges on the ring incurred by the substituent. 
Additionally, direct electrostatic interactions can occur between substituents and the 
π-face of an unsubstituted aromatic ring.  It should be noted that π-π interactions are not 
exclusive to arene-arene interactions but can participate in similar C-H-π interactions 
between aryl-H and π-systems. 31,34  
d. Cation-π Interaction 
 The cation-π interaction has been used extensively in recent literature for the 
recognition of quaternary ammonium guests in water.27,29,30,35–47 The cation-π interaction is 
sometimes simplified to the coulombic interaction between the electron-rich and (δ-) charge 
of the π-face of an aromatic ring and a cation.  Dispersion, van der Waals forces, and the 
hydrophobic effect, however, also assist in molecular recognition interactions driven by 
cation-π contacts.  The cation-π interaction accounts for a significant portion of binding 
energy between reader proteins and KMe3 of histone tails as well as binding to acetylcholine 
and other quaternary ammoniums.  Dougherty first addressed the biological significance of 
the cation-π interaction in 1990, prior to the elucidation of crystal structures of proteins 
binding to quaternary ammonium guests.38  Over the past two decades, multiple studies have 
combined to elucidate the energetic contribution of the cation-π interaction toward binding 
affinity.  In many of these examples, guests are bound within aromatic macrocycles making 
the contributions of the cation-π interaction(s) difficult to separate from the hydrophobic 
effect.48  Quantification of individual interactions in these binding events is also challenging 
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because of the distance dependence of the cation-π interaction.  For instance, a particular 
host-guest complex could favor multiple geometries resulting in varying degrees of cation-π 
interactions with combinations of aromatic rings. 
In an example with a controlled system, Riemen and Waters measured the cation-π 
interaction of a cross-strand KMe3 and Trp through the stabilization of folding in a β-hairpin 
peptide (Figure 3.4).45  In this case, the cross-strand cation-π interaction can only occur 
between the KMe3 and Trp.  Additionally, the system can be controlled for thte ground state 
folding energies and contributions of cross-strand hydrophobic and dispersion interactions 
with the incorporation of a tert-butyl analog of Lys.  This allowed the authors to directly 
quantify the cross-strand cation-π interactions while accounting for the entropic cost of 
folding in addition to hydrophobic and dispersion forces.  The authors attributed 
approximately 1 kcal/mol of favorable interaction per cation-π interaction, which has been 
supported by other studies and is the generally accepted contribution when predicting binding 
energies.32 
 
Figure 3.4. Representation of -hairpin stabilization via cross-strand cation- interactions 
between the N-CH3 and -carbon of trimethyllysine and Trp. Figure adapted from Riemen and 
Waters, 200945  
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e. C-H-π Interaction 
 The C-H-π interaction has received considerable attention in the field of carbohydrate 
recognition in water.  The interaction is similar to the cation-π interaction in that dispersion, 
van der Waals, and electrostatic forces are often closely related with the hydrophobic effect 
in both interactions.  Carbon is more electronegative than hydrogen and therefore, the H 
carries a small (δ+) charge.  The C-H group interacts through a combination of hydrophobic, 
dispersion, and cation-π interactions with the electron-rich π-surface of an aromatic ring.  
Multiple recent examples have highlighted molecular recognition through the use of C-H-π 
interactions. Laughrey and coworkers used a β-hairpin system to study the contribution of 
cross-strand C-H-π interactions to fold stabilization.49  By varying both the aliphatic and 
aromatic residues, the authors determined that a carbohydrate-C-H-π interaction contributed 
between 0.5 and 0.8 kcal/mol in favorable energy.  Interestingly, an aliphatic carbon also 
contributed 0.1 kcal/mol in binding energy.  Carroll and coworkers agree that C-H-π 
interactions contribute ~ 1 kcal/mol in a report in which the energetic contributions of C-H-π 
interactions were measured using a series of intricate molecular balances.50  
The contribution of the C-H-π interaction is highly dependent on the other 
substituents attached to the carbon.  Electron-withdrawing groups proximal to the carbon 
participating in the C-H-π interaction.  This effect is observed in C-H-π interactions with α-
hydrogens in carbohydrates.  In one example using C-H-π interactions for molecular 
recognition in water, sucrose was bound within an aromatic cage through C-H-π interactions 
in water (Figure 3.5).51  For the context of this work, C-H-π interactions are considered as 
contributing factors to overall binding affinity as a part of either T-shaped π-stacking or 
cation-π interactions. 
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Figure 3.5. Molecular disaccharide receptor for cellobiose. A. Computational model of 
receptor 3 (left) with terphenyl roof and floor highlighted by space-filling model and 
solubilizing groups omitted for clarity, binding to cellobiose (pink).  B. The roof and floor of 
3 are provided by aromatic terphenyl moieties (blue) and are connected by four 
isophthalamides (red) with water-solubilizing tricarboxylates appended to the exterior 
(green), intended to bind to cellobiose (4).  (This figure was adapted from Ferrand, Crump, & 
Davis 2007)51 
f. The Hydrophobic Effect 
 The favorable interaction of two hydrophobic compounds in water is considered to be 
a result of the hydrophobic effect.  Two theoretical explanations for the hydrophobic effect 
exist: the classical explanation and the non-classical explanation.  The classical hydrophobic 
effect considers the water molecules of the system.  Water forms an entropically unfavorable, 
ice-like lattice surrounding hydrophobic compounds in solution.  In order to minimize 
surface area, hydrophobic compounds aggregate, releasing some water from the ice-like 
lattice.  This release of water into bulk solution is typically considered to be an entropically 
favorable effect (Figure 3.6), and is often considered one of the primary contributions in 
membrane partitioning by the exclusion of water.52  
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Figure 3.6. Depiction of the classical hydrophobic effect illustrating the release of high 
energy water (gray) from hydrophobic entities (brown) upon the aggregation of the 
hydrophobic species. 
In the non-classical hydrophobic effect, emphasis is placed on the interaction of the 
hydrophobic compounds.  When placed together, “hydrophobic” compounds experience 
energetically favorable dispersion and van der Waals interactions, both of which are 
enthalpically favorable.31  In one example of the non-classical hydrophobic effect, the 
binding of pyrene in a molecular capsule is more enthalpically favorable in polar solvents 
than non-polar solvents, and is the most enthalpically favorable in water (Figure 3.7).53  This 
suggests that the hydrophobic binding is driven by enthalpic contributions from favorable 
dispersion and van der Waals contacts between the hydrophobic molecules.  Exclusion of 
water from the surface of pyrene and the interior of the host also increases enthalpically 
favorable water-water hydrogen bonding interactions. 
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Figure 3.7. Supramolecular complex that is more enthalpically favored in polar solvents and 
highlights the non-classical theory of the hydrophobic effect.53 (Figure adapted from Meyer, 
Castellano & Diederich)31 
The energetic contribution of the hydrophobic effect is inherently difficult to predict 
and is typically considered to aid in binding and molecular recognition events.  For the 
purpose of this study, we assume that hydrophobic species will prefer to interact with each 
other, rather than exist in bulk solution.  In this study, we assume the hydrophobic effect 
encourages the association of a hydrophobic guest and the hydrophobic interior of an 
aromatic macrocycle. 
iii. 3NT Molecular Recognition 
With the goal of generating selective receptors for 3NT over Tyr using DCC, we 
wanted to design monomers that would favor non-covalent interactions with 3NT over 
interactions with Tyr.  To design these monomers, we must first consider the physical 
organic differences between Tyr and 3NT.   
In addition to the biological and pharmacological significance of 3NT, Tyr-nitration 
is interesting from a physical organic perspective.  The addition of the electron withdrawing 
nitro group at the 3-position to the electron-rich Tyr phenol leads to significant changes in 
the side chain.  While Tyr is an electron-rich aromatic ring due to both the phenol and alkyl 
group, the addition of the electron withdrawing nitro group pulls electron density from the 
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ring.  This inductive effect decreases the pKa of the phenol from 11 in Tyr to 7.2 in 3NT 
(Figure 3.8).6,8  Additionally, the nitro group increases the steric bulk of the side chain and 
restricts the conformation of the sidechain, creating a preference for extended conformations 
which in turn can destabilize α-helical regions in cytochrome c.   
Interestingly, while the addition of the nitro group significantly increases the polarity 
of the side chain, the nitrophenol is actually more hydrophobic than Tyr when 3NT is 
protonated.54  This effect is amplified in 3-nitrophenols with the intramolecular hydrogen 
bond between the nitro group and the phenol hydroxyl group.54 
 
Figure 3.8. A. Tyr and 3NT with a depiction of the intramolecular hydrogen bond between 
the 3-nitro group and the phenol of 3NT. B. Electrostatic potential map of Tyr and 3NT 
generated with MacSpartan; HF/6-31g*; isodensity value (0.02); range 50 (red, electron rich) 
to 200 kcal/mol (blue, electron poor). 
 
Limited examples of molecular recognition of 3NT are present in the literature; 
however, molecular sensors for para-nitrophenol highlight recognition of a nitrated phenol in 
water.  Nitrophenols have been incorporated into both cucurbit[6]uril and an amine-
functionalized-cyclodextrin through hydrophobic and C-H-π interactions;55–57 however, many 
examples highlight the recognition of the phenoxide and colorimetric changes upon 
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deprotonating nitrophenols.55–58  In one recent example, Pitchumani and coworkers 
assembled per-6-ammonium-β-cyclodextrin, which forms an intramolecular complex with 
para-nitrophenol in the presence of acid.56,57  This interaction is driven by a combination of 
electrostatic and dispersion forces.  Binding of the nitrophenol is also favorable because 
insertion of the nitrophenol into the hydrophobic interior of the cucurbituril releases water, 
contributing a hydrophobic driving force for binding.  Electrostatic and complementary 
hydrogen bonding interactions occur between the acidic phenol and the basic ammonium-
rich crown of the cyclodextrin (Figure 3.9).  While this cationic cyclodextrin binds the 
phenoxide anion and the hydrophobic interior of the ring encourages binding of the aromatic 
ring, no stabilization of the nitro group is discussed.  Nonetheless, this study shows that 
nitrated phenols can bind via hydrophobic and electrostatic interactions in water. 
Unfortunately, 3NT likely would be sterically occluded from these cyclodextrins because of 
the nitro group at the 3-position, which limits the accessibility of phenol for electrostatic and 
hydrogen-bonding interactions.  
 
Figure 3.9. Representation of binding of 4-nitrophenol by per-6-ammonium-β-cyclodextrin 
through hydrophobic encapsulation and electrostatic interactions. (Figure adapted from 
Suresh et al. 2010) 
iv. Project Design 
The initial DCC libraries were part of an exploration into the binding of 3NT by small 
molecule receptors.  Only a few macrocycles have been able to bind to nitrated phenols in 
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water and most interacted through a combination of electrostatic and hydrophobic 
interactions.  Initial studies were aimed at identifying scaffolds that impart selectivity and 
affinity for 3NT over Tyr by only using easily accessible monomers.  This facilitates rapid 
screening of readily available monomers in DCC libraries and expedites the screening 
process.   
Any macrocycle identified that exhibits affinity and selectivity for 3NT can be 
subjected to an iterative redesign process.  Molecular modeling and an understanding of non-
covalent interactions in water would be used design stronger binding interactions between the 
host and 3NT.  These new functionalities can be easily incorporated into the preexisting 
monomers, usually in only a few synthetic steps.  Incorporation of ammoniums for 
electrostatic interactions, electron-donating groups to aryl rings, and hydrogen-bond donating 
groups could be added to existing monomers to improve recognition of 3NT.  Subsequent 
iterations of the designed macrocycles would provide valuable insight into the molecular 
recognition of 3NT and could ultimately produce receptors to complement antibodies in 
biological studies of 3NT prevalence in the body. 
For iterative redesign strategies, we focused on incorporating functionality into 
monomers that would complement the three major functional differences between Tyr and 
3NT (Figure 3.8).  The decreased pKa of 3NT to 7.2 from 11 means that 3NT will be 
deprotonated under mildly basic conditions (pH = 8).  The incorporation of cations such as 
ammonium or guanidinium ions into monomers should capitalize on favorable electrostatic 
interactions with 3NT that cannot exist between host and Tyr.  Ammonium and guanidinium 
ions also capitalize on the hydrogen-bonding ability of the nitro group.   
208	  
Binding in a hydrophobic pocket will likely be important in order to capitalize on 
hydrogen bonding and electrostatic properties of 3NT.  The nitro group and phenoxide is 
well-solvated in water due to the negative charge and hydrogen-bond accepting properties; 
however, incorporation into an aromatic or hydrophobic binding pocket will encourage the 
formation of hydrogen-bonding and electrostatic interactions similar to the interaction 
observed between Glu and di- or monomethyllysine within reader protein binding 
pockets.25,26,59   
a. Monomer Design and Synthesis 
In designing synthetic receptors, we hypothesized that binding selectivity for 3NT 
over Tyr could be provided through binding in a macrocycle with an optimal binding pocket 
size and shape to complement the increased size of 3NT.  Further selectivity could be 
provided through favorable hydrogen bonding interactions with the nitro group and 
phenoxide.  Monomers incorporated into DCC libraries possessed an aromatic ring for 
hydrophobic and π-π stacking interactions, two thiols for disulfide exchange, and at least one 
carboxylate for water solubility.  Three different types of monomers were synthesized: 
ethenoanthracene (A monomers), derivatives of benzene (B monomers), derivatives of 
naphthalene (D monomers) (Figure 3.10).  Because of the large number of similar monomers, 
each monomer is labeled with a letter (A, B or D), followed by the position of the thiols on 
the aromatic ring.  As such, 3,5-dimercaptobenzoic acid is labeled as B3,5.  Multiple 
monomers in a macrocycle is indicated by parentheses, such that a tetramer of B3,5 is labeled 
(B3,5)4. 
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Figure 3.10. Initial monomers screened in DCC libraries.  Each monomer contains at least 
one aromatic ring and carboxylic acid for molecular recognition and solubility and two thiols 
for disulfide exchange. 
C. Results and Discussion 
i. Initial Exploratory DCC Libraries10 
a. DCC Libraries 
Initial DCC libraries were prepared with either one or two monomers from freshly 
made stock solutions of monomer in water and the pH was controlled to 8-9 by addition of 
NaOH and HCl.  Monomers were mixed in an equimolar ratio (2-4 mM each monomer) to 
encourage maximum diversification of library members.  Monomers were also mixed with a 
peptide guest in an equimolar ratio of total monomer to guest (4-8 mM), except in the case of 
untemplated libraries, which did not have guest present.  The tetrapeptides GYGE-NH2 and 
GY(NO2)GE-NH2 were used as guests in order to ensure solubility of the peptide and to 
minimize nonspecific electrostatic interactions.  Glu was incorporated into the peptide to 
provide water solubility.  Libraries were monitored by LC/MS for approximately two weeks 
and library species were identified by mass. 
 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  10	  The work in this section was performed in collaboration with Julianne Bain, Mariah Reese, Sean Woo, Adam 
Hill and Murthy Maddiplata.  Adam set up many of the libraries and Murthy quantified much of the initial data.	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b. The Identification of (B3,5)4 
In a simple library consisting of only monomer B3,5, a tetramer was amplified 4-fold 
in the presence of 3NT over Tyr (Figure 3.11).  While the preferred bond angle of disulfide 
bonds is 90 degrees, the monomer subunits are free to rotate about the disulfide bond.  For 
simplistic visualization, the B3,5 tetramer (B3,5)4 is depicted in a calixarene-like conformation 
in Figure 3.11.  This level of selectivity was surprising because the only functionality on 
monomer B3,5 expected to interact with 3NT over Tyr is the aromatic ring which can form an 
aromatic binding pocket.  Selectivity for 3NT over Tyr is likely from a combination of π-π 
stacking and hydrophobic interactions with 3NT; however, the carboxylates may not all be 
deprotonated and could be able to form a hydrogen bond with the nitro group.  This 
preliminary result was promising and suggested that selective recognition of 3NT over Tyr 
can be obtained by optimization of the binding pocket. As described in Chapter 2, receptor 
and guest size and shape can influence binding affinity.  Hydrogen bonding interactions 
between carboxylates and the mildly acidic hydrogen of the nitrophenol are also possible. 
 
Figure 3.11. DCC libraries of monomer B3,5 produce a tetramer (B3,5)4 in the presence of a 
nitrotyrosine-containing peptide at pH 8, potentially forming favorable π-π and hydrophobic 
contacts in addition to potential hydrogen bonding interactions. 
c. DCC Library Screens for the Identification of Novel Receptors for 3NT 
Following the identification of (B3,5)4 as a potentially selective receptor for 3NT, a 
systematic screen of library monomers listed in Figure 3.10 was performed in order to 
conduct a structure function study of macrocycle size and shape for the selective recognition 
of 3NT over Tyr in water.   
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 A number of macrocycles were amplified in the subsequent libraries.  Notably, a 
tetramer of B2,4 was amplified in the presence of both 3NT (1.8 to 3.5-fold over untemplated) 
and Tyr (1.4 to 2.4-fold over untemplated) in each library in which it was included.  
Amplification in the presence of 3NT is not surprising because B2,4 has the same thiol 
geometry as B3,5; however, a decrease in amplification over Tyr suggests that carboxylate 
positioning is important in molecular recognition. 
 B3,5(D3,5)2 was amplified by a factor of 2.2 in the presence of 3NT and only 1.3 in the 
presence of Tyr (Figure 3.12).  B3,5(D3,5)2 had previously been identified as a potential 
receptor for trimethyllysine, but was never fully characterized due to issues with aggregation 
in solution.60  Amplification in the presence of 3NT suggests that well-defined hydrophobic 
pockets and π-π interactions and/or hydrophobic interactions are important in binding to 
3NT.   
 
Figure 3.12. HPLC trace at 254 nm of DCC library consisting of monomer B3,5 (2.5 mM) 
and D3,5 (2.5 mM) in the presence of 5 mM guest: 3NT = GY(NO2)GE (green trace), Tyr = 
GYGE (red trace); or no guest (blue trace) at pH 8.75. Species B3,5(D3,5)2 is amplified 2.2-
fold in the presence of 3NT and 1.1-fold in the presence of Tyr. 
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 In a library containing B3,5 and D3,7, the macrocycle (B3,5)2(D3,7)2 was amplified 
selectively in the presence of 3NT over Tyr (Figure 3.13).  (B3,5)2(D3,5)2 can form in a B-D-
B-D geometry, adopting a rectangular box-like structure into which the planar 3NT may be 
able to intercalate and form π-π stacking interactions, or the macrocycle could be in the B-B-
D-D geometry which would likely have more of an open cavity.  Unfortunately (B3,5)2(D3,5)2 
was present in a low abundance in the library and would have been difficult to isolate 
because of the large number of library species.   
 
Figure 3.13. HPLC trace at 254 nm of DCC library consisting of monomer B2,5 (2.5 mM) 
and D3,7 (2.5 mM) in the presence of 5 mM guest: 3NT = GY(NO2)GE (green trace), Tyr = 
GYGE (red trace); or no guest (blue trace) at pH 8.75. Species (B2,5)2(D3,7)2 is amplified 4-
fold in the presence of 3NT and 2-fold in the presence of Tyr. 
Unfortunately, multiple inconsistencies were observed with the BGln monomer in 
equilibration time and amplification of species in separate libraries.  This brings up concern 
with the reproducibility and consistency of libraries with BGln.  Because stock solutions were 
prepared using NaOH and HCl, the ionic strength of stock solutions likely varied between 
monomers and guests.  Additionally, the BGlu monomer was purified by semi-preparative 
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HPLC and therefore isolated in the presence of trifluoroacetic acid (TFA) salts and would 
require more NaOH to raise the pH to 8-9 relative to other monomers.  Finally, the libraries 
were not buffered and pH was not monitored over time.  Inconsistencies in ionic strength of 
library media and pH between libraries could lead to different results.  In future studies, the 
incorporation of 50 mM sodium borate buffer will alleviate concern over changes in pH and 
the ionic strength of the library solution. 
The most consistently amplified species in DCC libraries in the presence of 3NT was 
A3.  In each library that contained monomer A, A3 was amplified in the presence of 3NT and 
significantly less in the presence of Tyr and the untemplated library.  In a library containing 
only monomer A, the A3 trimer was amplified 5.6-fold in the presence of 3NT and 1.9-fold in 
the presence of Tyr over the untemplated library (Figure 3.14) at pH 8.75.  Amplification of 
A3 in the presence of 3NT over Tyr in multiple libraries suggests that A3 binds to 3NT 
selectively over Tyr. 
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Figure 3.14. LC/MS trace at 280 nm of DCC library with monomer A (4 mM) and either 
GY(NO2)GE (3NT, 4 mM), GYGE (Tyr, 4 mM) or no guest in H2O, pH 8.75. 
d. The Preparative Synthesis of A3 
 Otto and coworkers first reported A3 as a DCC library member that was amplified in 
the presence of a variety of alkyl ammoniums.61,62  Monomer A is synthesized and 
incorporated into DCC libraries as a racemic mixture, causing the A3 macrocycle to exist as 
diastereomers: the homochiral species, RR,RR,RR, (hom-A3) and the heterochiral species, 
RR,RR,SS, (het-A3) as well as their respective enantiomers (Figure 3.15).  By HPLC, it was 
not clear which macrocycle was amplified.  To study the binding affinity of these 
macrocycles to Tyr and 3NT, both were synthesized using preparative DCC libraries. 
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Figure 3.15. Templation of DCC libraries containing monomer A with GY(NO2)GE as a 
guest led to the amplification of A3, which could exist as two sets of enantiomers of 
diastereomers. 
d.1. The Preparative Scale Synthesis of Het-A3 
 Het-A3 was synthesized in a preparative DCC library with monomer A (5 mM) and 
adamantyltrimethylammonium iodide (ATMA, 5 mM) in water, pH 8.5 (Figure 3.16).62  
After equilibration, the library was diluted with water and CH3CN, filtered with 0.22 µm 
PVDF filters, and A3 was purified by reverse-phase HPLC under buffered conditions (A: 
100% H2O, 10 mM NH4OAc; B: 90% CH3CN, 10% H2O, 10 mM NH4OAc).  The receptor 
eluted as a mixture of both sets of diastereomers with het-A3 eluting first.  After a second 
purification by HPLC in buffered conditions, het-A3 was dried by lyophilization, and 
ammonium salts were sublimated under high vacuum for five days. 
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Figure 3.16. A. Het-A3 was synthesized using a preparative scales DCC library with 
monomer A and ATMA, which had been previously shown to bind tightly with het-A3.62 B. 
Semi-preparative HPLC trace at 280 nm for the preparative scale A3 DCC library.  Het-A3 
was collected as the peak at 9.5 minutes in three fractions. 
d.2. The Preparative Scale Synthesis of Hom-A3 
Hom-A3 was synthesized in a preparative DCC library with monomer A (5 mM) and 
tetraethylammonium iodide (Et4NI, 10 mM) in water, pH 8.5 (Figure 3.17).62  After 
equilibration, the library was acidified with TFA, diluted with water and CH3CN, filtered 
with 0.22 µm PVDF filters, and hom-A3 was purified by reverse-phase HPLC under acidic 
conditions (A: 95% H2O, 5% CH3CN, 0.01% TFA; B: 95% CH3CN, 5% H2O, 0.01% TFA).  
The receptor eluted as a mixture of both sets of diastereomers with hom-A3 eluting first.  
Hom-A3 was purified three additional times by semipreparative HPLC to remove residual 
het-A3.   
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Figure 3.17. A. Hom-A3 was synthesized with a preparative scale DCC library consisting of 
monomer A (5 mM) and Et4NI in water, pH 8.5. Multiple purifications of hom-A3 were 
required to separate from the het-A3 stereoisomers. B. Semi-preparative HPLC trace at 280 
nm for the preparative scale hom-A3 DCC library.  Hom-A3 was collected as the peak at 11.5 
minutes in three fractions and was repurified by HPLC three times. 
 By 1H NMR in buffered D2O (10 mM sodium phosphate buffer, pD 8.5) at room 
temperature, the proton signals for hom-A3 are broad and nearly impossible to distinguish 
from baseline noise, likely due to conformational changes on the NMR timescale.  This 
dynamic behavior is consistent with other macrocycles studied in our lab.  Upon 
incorporation of a GY(NO2)GE, the signals for hom-A3 sharpen dramatically (Figure 3.18) 
and small changes in chemical shift (0.06-0.08 ppm) of the 3NT aryl protons is observed.  In 
contrast to het-A3, hom-A3 is symmetrical and has one bridgehead signal at 5.1 ppm.  
Interestingly, binding to GY(NO2)GE must overcome intramolecular interactions between 
3NT and Glu which are observed by NOE signals on the side chains.  These signals were not 
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present in the Tyr-containing peptide.  This suggests an inherent resistance to binding for the 
GY(NO2)GE peptide.   
 
Figure 3.18. A. 1H NMR of hom-A3 (550 µM) and GY(NO2)GE (360 µM) in D2O (10 mM 
NaDPO4, pD = 8.0, 25 °C) highlighting the dramatic sharpening of the hom-A3 bridgehead 
proton signal.  Significant overlap of aromatic signals for hom-A3 and 3NT prevents the 
assignment of aromatic peaks.  Small changes in 3NT chemical shifts also occur. B. 1H NMR 
of GY(NO2)GE in D2O (10 mM NaDPO4, pD = 8.0, 25 °C). 
e. Binding Studies with A3 and 3NT 
e.1. Binding Studies with Het-A3 
Fluorescence anisotropy was used to analyze the binding interactions of both het-A3 
and hom-A3 with a peptide adapted from calmodulin, which is nitrated at Tyr99.63   The 
peptide sequence used for anisotropy was DAN-GKDGNGXISKKK-NH2 (DanCaMY), 
where DAN = dansyl amide, X = Y or Y(NO2), a Gly spacer was included between the 
sequence and DAN, and a three Lys tag was added to the c-terminus of the peptide for 
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solubility.  Interestingly, significant fluorescence quenching was observed during the titration 
of het-A3 (0-100 µM) into the DanY peptide (5.0 µM) in 10 mM sodium phosphate buffer, 
pH 8.5 (Figure 3.19).  Binding was quantified by fitting the quenching curve to a one-site 
binding model to give a Kd of 12 ± 2 µM for Tyr.   
 
Figure 3.19. Fluorescence quenching resulting from the titration of het-A3 (0-100 µM) into 
DanCaMY (5.0 µM). Data is an average of three titrations and error is due to curve fitting. 
To confirm binding affinity, binding studies were conducted by isothermal titration 
calorimetry (ITC) with an acetyl-capped version of the DanCaMY peptide: Ac-
GKDGNGYISKKK-NH2 (CaMY).  ITC titrations were conducted in 10 mM sodium 
phosphate buffer, pH 8.5 with het-A3 (100 µM) and CaMY (1.25 mM).  Additionally, 
binding to CaMnY (the 3NT derivative) was measured by ITC under the same conditions.  
Het-A3 was found to be 3-fold selective for CaMnY (Kd = 5.7 µM) over CaMY (Kd = 18 
µM).  Additionally, binding is enthalpically driven and entropically costly for binding to both 
CaMnY and CaMY. 
220	  
This 3-fold selectivity is in agreement with DCC amplification data; however, 
binding is surprisingly tight, likely due to interactions with the Lys residues that were 
included for solubility.  In similar systems we found that nearby cationic residues such as Lys 
and Arg can increase binding affinity for these small molecule receptors.29,30  Interestingly, 
as the number of charged residues increases, affinity is increased and selectivity is slightly 
decreased; however, removal of the charged residues results in decreased binding affinity, 
and improved selectivity.30 
e.2. Binding Studies with Hom-A3 
 Fluorescence quenching studies with hom-A3 were performed by titrating hom-A3 (0-
195 µM) into a fluorescein-tagged peptide, FAMCaMY: FAM-GGKDGNGXISKKK-NH2, 
where X = Y or Y(NO2) (5.0 µM).  Similar to binding studies with het-A3 and DanCaMY, 
the fluorescence signal is quenched during as the concentration of hom-A3 increases and can 
be fit to a one-site binding model to give weak binding affinity for FAMCaMY (Kd = 113 ± 7 
µM) (Figure 3.20).   
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Figure 3.20. Fluorescence quenching observed during the titration of hom-A3 (0-195 µM) 
into FAMCaMY (5.0 µM). Average of three trials, error is due to curve fit.  Fitting to a one-
site binding curve gives a Kd of 113 ± 7 µM. 
Interestingly, the fluorescence signal for the 3NT derivative, FAMCaMnY is 
significantly quenched by 3NT (Figure 3.21).  Titration of hom-A3 (0-195 µM) into the 
FAMCaMnY (5.0 µM) results in an initial increase in fluorescence, followed by a decrease 
signal.  This initial rise in fluorescence intensity is likely caused by disruption of the 
quenching effect upon binding of 3NT by hom-A3.  As the concentration of hom-A3 is 
increased; however, the quenching effect of the receptor contributes to the overall quench, 
decreasing the fluorescence intensity (Figure 3.22). 
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Figure 3.21. Fluorescence spectrum of FAMCaMY and FAMCaMnY highlighting the 
fluorescence quench of FAM by 3NT. Two trials are show of FAMCaMY (blue and red) and 
FAMCaMnY (green and purple).  
 
Figure 3.22. Changes in the fluorescence intensity signal as hom-A3 (0-195 µM) is titrated 
into FAMCaMnY (5.0 µM). 
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 ITC was conducted by titrating hom-A3 (110 µM) into CaMnY (1.46 mM).  Fitting to 
a one-site binding model gives Kd = 8.2 ± 0.5 µM, which constitutes a selectivity factor of 
>15 for 3NT over Tyr (Figure 3.23).  ITC experiments suggest substantial change in binding 
mechanism between het-A3 and hom-A3 that would be unlike any of the mercaptophane 
receptors identified in our lab.  In contrast to the enthalpically favorable binding of other 
receptors in our lab, the small amount of heat released upon binding suggests that the binding 
of CaMnY is entropically driven (TΔS = 5.93 ± 0.08 kcal/mol) and only mildly enthalpically 
favorable (ΔH = -1.00 ± 0.04 kcal/mol).  ITC titration with CaMY needs to be completed to 
ensure selectivity factors are accurate. 
 
Figure 3.23. A and B. Two trials of ITC titrations of CaMnY (1.46 mM) into hom-A3 (110 
µM) in 10 mM sodium phosphate buffer, pH 8.5 at 25 °C. 
ii. Ongoing and Future Work: Iterative Redesign 
 To improve binding affinity and selectivity of the initial small molecule receptors for 
3NT over Tyr, we began an iterative redesign of the macrocycles that exhibited greater 
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amplification in the presence of 3NT than Tyr in the initial DCC library screens.  Three types 
of receptors were consistently amplified more in the presence of 3NT than in the presence of 
Tyr: tetramers of B monomers with meta-substituted thiols (B2,4, B3,5, and BGlu); macrocycles 
containing naphthalene monomers (D3,5 and D3,7) with a derivative of B (B2,5 and B3,5); and a 
trimer of monomer A (stereochemistry of amplified receptor remains unclear).  These 
receptors likely interact preferably with 3NT over Tyr through a combination of hydrophobic 
and π-π interactions.  This suggests that these receptors are able to adopt conformations that 
favor binding to 3NT. 
 Three iterative redesign strategies of these initial receptors have been initiated in 
order to identify non-covalent interactions and structural factors that influence binding 
affinity and selectivity for 3NT over Tyr. 
a. Bromination of Monomer A 
A3 does not project functional groups toward the interior of the binding pocket; 
therefore, selectivity for 3NT over Tyr is presumably the result of more favorable dispersion, 
van der Waals, and π-π interactions with the nitrophenol.  To probe the influence of receptor 
depth on affinity for 3NT, the size of the hydrophobic binding pocket of A3 can be increased 
by the addition of polarizable bromines to monomer A.  In 1993, Kearney and coworkers 
performed a structure function study of water-soluble cyclophanes to determine influences on 
binding affinity to a large number of guests.48  Interestingly, for the brominated derivative of 
DC1, DC-Br, binding to 5-nitroquinoline (5NQ) (Kd = 40 µM) is improved by a factor of 17 
over DC1 (Kd = 700 µM) (Figure 3.24).  This increase of 1.8 kcal/mol in favorable binding 
energy is attributed to the large, polarizable bromines that increase the depth of the binding 
pocket, and provide favorable dispersion and van der Waals interactions.
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Figure 3.24. A. 5-nitroquinoline. B. Bromination of cyclophane DC1 (Kd = 700 µM) to form 
DC-Br (Kd = 40 µM) led to a 17.5-fold (ΔΔG = -1.8 kcal/mol) increase in binding affinity 
for 5NQ.48 
 Because our mercaptophane receptors behave similarly to the DC cyclophanes, we 
hypothesized that incorporation of bromines into the aromatic scaffold of our receptors 
would increase the van der Waals surface of the receptors and improve binding and 
selectivity for 3NT over Tyr through dispersion forces with the polarizable bromines.  As a 
direct comparison to DC-Br, we attempted to synthesize three brominated derivatives of 
monomer A: A1,5Br, A9,10Br, and A9Br (Figure 3.25).  These derivatives were chosen because 
of their synthetic accessibility along the general synthesis of monomer A.62  Unfortunately, 
varying reactivity and solubility of synthetic intermediates stalled the synthesis of A1,5Br and 
A9,10Br respectively. 
 
Figure 3.25. Brominated derivatives of monomer A. 
a.1. Attempted Synthesis of A1,5Br 
A1,5Br is the thiol derivative of the ethenoanthracene used in the synthesis of DC-Br 
(Figure 3.26).48  Bromination of dihyrdoxy anthracene 2 was difficult to control and led to 
the formation of multiple brominated products; however, upon protection of the alcohols 
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with TBDMS the bromination proceeded smoothly.  The Diels Alder cycloaddition with 
dimethylacetylene dicarboxylate and deprotection of the TBDMS groups with HCl also 
proceeded smoothly and in good yield.  Subsequent addition of N,N-dimethylthiocarbamoyl 
chloride gave 5 in moderate yield.  Unfortunately the Newman-Kwart rearrangement to 
install thiols on the aryl rings failed and led to decomposition of products at the elevated 
temperatures necessary for the rearrangement.64  The synthesis was not continued; however, 
in future attempts to prepare A1,5Br, the Pd-catalyzed Newman-Kwart rearrangement,65 or Cu-
catalyzed cross-coupling66 may facilitate the installation of the thiols. This monomer is 
valuable for structure activity relationship studies because it is the only example with 
bromine attached to the aromatic ring.  Additionally, the bromines are likely in close or direct 
contact with guests bound in the macrocycle. 
 
Figure 3.26. The proposed synthesis of A1,5Br. The Newman-Kwart rearrangement of 5 was 
unsuccessful due to degradation of the starting material. 
a.2. Attempted Synthesis of A9,10Br 
During testing of brominating conditions and synthetic routes for the synthesis of 
A1,5Br, it was recognized that the reaction of the carbamoyl-protected dihydroxy anthracene 6 
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with bromine at -78 °C in CH2Cl2 affords dibromination at the 9 and the 10 positions (Figure 
3.27).  Following work-up and purification of 7, heating to 240 °C promotes the Newman-
Kwart rearrangement to afford 8 in 50% unoptimized yield.  Unfortunately, the incorporation 
of both bromines at the 9, 10- positions inhibits the Diels Alder cycloaddition with 
dimethylacetylene dicarboxylate, either sterically, electronically, or a combination of both 
factors.  The dibrominated 8 was also insoluble in most solvents, limiting the scope of 
conditions available for the cycloaddition. 
 
Figure 3.27. The proposed synthesis of A9,10Br. The bromination of 6 affords the 
dibrominated species in good yield, but blocks the Diels-Alder cycloaddition. 
a.3. The Synthesis of A9Br 
 During synthetic optimization of brominated A monomers, it was realized that the S-
thiocarbamoyl anthracene precursor to monomer A, compound 10, can be brominated 
exclusively at the 9-position to afford compound 11 (Figure 3.28).  The subsequent Diels-
Alder cycloaddition was sluggish, and afforded compound 12 in low yield.  Subsequent base 
hydrolysis of 12 afforded brominated A monomer A9Br, in low to moderate yield 
(unoptimized conditions and workup, 35% yield). 
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Figure 3.28. The synthesis of A9Br with the key step of bromination of compound 10 to 
afford the monobrominated compound 11 in good yield.  Subsequent reactions were slow 
compared to the non-brominated species, but afforded A9Br in low yield (unoptimized). 
Libraries with A9Br produced a diverse group of library members, but no selective 
amplification for 3NT or Tyr has been observed.  Efforts moving forward should focus on 
completing the synthesis of A1,5Br to provide direct comparison to DC-Br.  Improved DCC 
library design, with lower monomer and guest concentration as well as high buffer 
concentration should improve library reproducibility.  With lower library volumes and 
decreased material use, libraries will be more economical, which will facilitate higher 
throughput and library generation. The use of an analytical reverse-phase HPLC under 
buffered conditions should also improve the analytical throughput in the future. 
b. Synthesis of Naphthalene-Derived Monomers 
 With an exception to A3, macrocycles that contain monomer A were generally not 
amplified in the presence of 3NT in the initial DCC library screens.  Alternatively, a few 
macrocycles with naphthalene rings, B3,5(D3,5)2 and (B3,5)2(D3,7)2, were amplified 
preferentially in the presence of 3NT and suggested only weak interaction with Tyr.  These 
macrocycles can form small, box-like structures with flat sides to complement the slightly 
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larger 3NT.67  Because selectivity in early DCC libraries appears to be driven by van der 
Waals interactions, we wanted to develop novel monomers with large π-surfaces.  Two 
monomers were synthesized as large naphthalene derivatives to potentially serve as 
surrogates to monomer A.  Monomer Binam was synthesized as the mercapto-derivative of 
binol with additional carboxylates for water solubilty.  Monomer Pamam was synthesized as 
the mercapto-derivative of pamoic acid (Figure 3.29). 
 
Figure 3.29. Large naphthalene-derived monomers Binam and Pamam, for incorporation in 
DCC libraries. 
b.1. Binam (Monomer J from Chapters 1 & 2) 
 Binam, labeled as monomer J in Chapters 1 & 2, was synthesized from +/- binol in 
an effort to replace monomer A with a more flexible concave monomer with large aromatic 
surfaces.  Carboxylates were incorporated at the 6,6’-positions to afford water solubility, and 
the 2,2’-phenols were replaced with thiols (Figure 3.29).  Molecular modeling of Binam-
containing macrocycles indicates that Binam can form aromatic binding pockets that may be 
suitable for a variety of guests.  Figure 3.30 depicts molecular modeling with energy 
minimization of a macrocycle containing Binam, A, and N30 bound to 
butyldimethylammonium, used to highlight the aromatic binding pocket. 
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Figure 3.30. Molecular modeling of a macrocycle containing Binam (left), A (front), and 
N30 (back) binding to butyldimethylammonium (space filling, blue) to highlight the 
formation of an aromatic binding pocket using Binam. Atoms are labeled by element (C = 
green, O = red, S = yellow) with hydrogen atoms omitted for clarity. 
Binam has limited solubility in nonpolar solvents and most polar solvents, but is 
soluble in basic water and DMSO.  The monomer is oxidized quickly when exposed to air 
and moisture and can become fully oxidized within one week, even when stored at 0 °C.  
When stored under nitrogen, the oxidation of Binam is slowed, but large amounts of a 
Binam dimer are still typically observed in DCC libraries. 
The 1H NMR of Binam in DMSO depicts the oxidation of the monomer over the 
course of one week.  After just 15 minutes in DMSO, a number of proton signals, that appear 
to be impurities, are visible in the spectrum.  After 7 days in solution, the original proton 
signals, including the SH protons, disappear and are replaced by the peaks from the impurity 
(Figure 3.31).  Mass spectroscopy confirmed that after 15 minutes in solution, Binam begins 
to oxidize to dimer, and after one week is fully oxidized exclusively to dimer. 
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Figure 3.31. 1H NMR of Binam in DMSO.  Day 1 spectrum (bottom) was obtained within 
30 minutes of sample preparation.  The oxidized species present at 7 days (top) can be seen 
forming (blue boxes) within the first hour.  As expected, the proton signal for the thiols is no 
longer present after 7 days (red box). 
Binam was incorporated in a large number of libraries in search of novel receptors 
for 3NT.  DCC libraries were prepared with equimolar ratios of Binam, and up to two 
additional monomers (1-2 mM), and a guest concentration equal to the total monomer 
concentration.  GYGE and GY(NO2)GE were used as guest and concentration was 
determined by UV.  Libraries were either prepared in water, pH 8-9, or borate buffer (50 
mM, pH 8.5), and monitored for up to four weeks by LC/MS and reverse phase analytical 
HPLC. 
Binam library diversification was generally decreased with the oxidation of Binam to 
dimer within the first two days of library equilibration.  Typically, the library equilibrated to 
incorporate multiple species into Binam-containing macrocycles.  A few DCC libraries 
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exhibited amplification of Binam-containing macrocycles in the presence of 3NT (Figure 
3.32Figure 3.33). 
 
Figure 3.32. DCC library monitored at 280 nm with monomers Binam (labeled J) (2.5 mM) 
and D3,5 (2.5 mM) and peptide guest (5 mM) in water, pH 9.  3NT = GY(NO2)GE (red 
trace), Tyr = GYGE (blue trace). D3,5J2 is amplified in the presence of 3NT over Tyr. The 
untemplated library was lost due to evaporation from a broken cap. 
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Figure 3.33. LC/MS trace at 280 nm of DCC library containing monomers Binam (5 mM) 
and B3,5 (5 mM) with varying peptide guest in water, pH 9.  3NT = GY(NO2)GE (green 
trace), Tyr = GYGE (red trace), and the untemplated library (no guest) is the blue trace. 
Significant amplification of J2 is labeled at 8.75 minutes. An unidentifiable peak is amplified 
at 9.8 minutes in the presence of 3NT. Significant shifting of elution times make 
identification difficult, but it is clear that between 9.0 and 10.5 minutes six peaks are 
amplified in the presence of 3NT and only five peaks are present in the Tyr and untemplated 
libraries. 
b.2. The Synthesis of Pamam 
 Pamam was proposed as a derivative of Binam with increased separation of the 
naphthalene rings and greater conformational flexibility for macrocycle diversification and 
receptor development.  Pamoic acid is commercially available and the derivatization to 
Pamam only required the installation of the thiols.  The synthetic route was adapted from 
receptors B and D (Figure 3.34).  Unfortunately, Pamam is not soluble in basic aqueous 
conditions and characterization was challenging because of insolubility in most solvents. 
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Figure 3.34. Synthesis of Pamam from commercially available pamoic acid.  Unfortunately 
Pamam is insoluble in water and challenging to characterize due to insolubility in many 
solvents. 
c. Synthesis of Cationic Derivatives of Monomer B3,5 
 With the amplification of the (B3,5)4 tetramer in the presence of 3NT and not in the 
presence of Tyr, we wanted to incorporate additional functionalities in the monomer B3,5 that 
would encourage interaction with 3NT over Tyr.  The carboxylic acid of B3,5 is a good 
functional handle for modification and derivatization.  In order to improve binding to 3NT, 
we synthesized a variety of cationic monomers functionalized with basic amines.  These new 
monomers were generated to provide electrostatic and hydrogen-bonding interactions that 
would complement the hydrophobic driving forces for binding that are already present in the 
(B3,5)4 scaffold. This can be envisioned to be similar to the binding of p-nitrophenol by per-6-
ammonium-β-cyclodextrin.57 
 Because monomer B3,5 is synthetically accessible and shows selective amplification 
in the presence of 3NT over Tyr, the 3,5-dimercapto substitution was maintained for the 
initial monomer derivatization.  An initial set of monomers was synthesized to study effects 
of amine incorporation, amide functionality, amine linker length and the inclusion of peptide 
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side chains on macrocycle formation (Figure 3.35).  Monomers Ba and Bb were used to 
study the influence of linker length between amide and ammonium.  Monomers Bc and Bd 
were synthesized as cationic peptide derivatives with either diaminobutyric acid or a urea 
derivative followed by two Arg residues for solubility.  Unfortunately, chromatographic 
resolution of monomer Bd and any library species containing monomer Bd was poor and use 
of the monomer was discontinued.  Monomer Be was synthesized to provide positive charge 
in close proximity to the aromatic ring.  We hoped that monomer Be would provide 
electrostatic and hydrogen bonding interactions in close proximity to a hydrophobic pocket 
which would strengthen binding interactions.  Unfortunately, under the initial library 
conditions, which were in unbuffered water at pH 8-9, monomer Be was only partially 
soluble and aggregated in solution and was discontinued from the study. 
 
Figure 3.35. Cationic monomers derived from monomer B3,5. Each monomer contains at 
least one positive charge for solubility and electrostatic or hydrogen bonding interactions 
with 3NT, an aromatic ring for hydrophobic interactions, and two thiols for disulfide 
exchange. 
The majority of the derivatization of monomer B3,5 followed the general synthetic 
scheme in Figure 3.36, which highlights the facile synthesis capable of producing a variety of 
monomers.  Each monomer is designed to have a short, flexible synthesis that can easily 
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incorporate additional functionalization.  These monomers were also designed to undergo 
further derivatization, for example, the amide can be reduced to afford an amine.  
 
Figure 3.36. General synthetic scheme for the derivatization of B3,5, which is synthesized in 
high yield in four steps from commercially available 16. New monomers are obtained in 
three to four subsequent reactions. Abbreviations: DCCI = dicyclohexylcarbodiimide, 
DABCO = 1,4-diazabicyclo[2.2.2]octane, SPPS = solid phase peptide synthesis, Trt = Trityl. 
c.1. Example DCC Libraries 
Initial libraries were tested using combinations of monomers (Figure 3.35), at a total 
monomer concentration of 5 mM in water.  The libraries were templated with 3NT and 
tyrosine containing tetrapeptides (GY(NO2)GK-NH2, and GYGK-NH2, respectively) at pH 8 
to 8.5, and were monitored by LC/MS at 4 days, 7 days, 14 days, and 26 days; pH was 
adjusted using sodium hydroxide and hydrochloric acid solutions.   
LC/MS data suggested the formation of dimeric macrocycles in the presence of both 
tyrosine and 3-NT, showing no selectivity for 3-NT; however, the libraries consisted 
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primarily of monomer at 14 days and the library composition did not change significantly 
over time (Figure 3.37).  
 
Figure 3.37. HPLC trace at 280 nm of a DCC library containing monomer Ba (2.5 mM) and 
Bc (2.5 mM) and GYGK-NH2 or GY(NO2)GK-NH2 (5 mM) in H2O, pH 8.5 after 
equilibration for 14 days. 
c.2. DCC Library Troubleshooting 
In general, DCC libraries should consist mainly of macrocyclic species after a few 
days, and monomer composition should be negligible due to air oxidation.68  The presence of 
monomers in these libraries suggests that most of the library members did not form disulfide 
bonds.  This can be explained by poor oxidation; however, libraries were remade, exposed to 
air and injected with DMSO (which is commonly used to induce disulfide formation by 
sulfur oxidation), and the library composition remained mostly (>90%) monomer.  This 
suggests that the monomers either halt oxidation by lowering the pH of the solution, or 
through an interaction between the thiolate and ammoniums. 
 
238	  
c.3. Libraries Prepared in Buffer 
 A potential reason for the lack of disulfide bond formation could be changes in pH of 
library solutions over time.  Rather than adjust the pH of stock solutions using NaOH and 
HCl, libraries were generated in 50 mM sodium borate buffer, pH 8.5 to control the ionic 
strength and pH of the library.  Libraries equilibrated slowly; however, monomer was no 
longer present in libraries after 26 days (Figure 3.38). 
 
Figure 3.38. Analytical HPLC trace at 280 nm of a DCC library containing monomer Ba 
(2.5 mM) with GY(NO2)GK-NH2 (2.5 mM) in sodium borate buffer (50 mM, pH 8.5). The 
library was monitored at 4, 12, and 26 days after mixing. 
Interestingly, these libraries also showed diversification and in some cases selective 
amplification in the presence of 3NT.  In the library of monomer Ba, multiple species are 
amplified in the presence of 3NT and not in the presence of Tyr (Figure 3.39).  The identity 
of these species have not yet been determined because these samples were analyzed using an 
analytical HPLC rather than LC/MS. 
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Figure 3.39. HPLC trace at 280 nm of a DCC library of monomer Ba (2.5 mM) in the 
presence of either GYGK-NH2 (blue), GY(NO2)GK-NH2 (green), or no guest (black). Peaks 
amplified in the presence of 3NT at 14.5 and 22 minutes are highlighted with boxes. 
 The significant amplification of the peak at 14 minutes in the presence of 3NT over 
Tyr and the untemplated library suggests that the species binds to 3NT with high selectivity.  
The peak at 22 minutes is also significantly amplified in the presence of 3NT.  With the 
amplification of two different receptors in the presence of 3NT, it is clear that the addition of 
the amine provides selectivity for 3NT.  With the development of optimized library 
conditions, the preparation of future DCC libraries should be facile.  The synthesis of a 
variety of monomers is straightforward, and a large number of monomers can be made 
quickly to provide a high throughput screening method for the identification of novel small 
molecule receptors for 3NT. 
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D. Conclusions 
Binding to 3NT in water with high affinity and selectivity over Tyr is challenging. 
While the nitration of Tyr changes some functional properties of the ring, the shape and size 
of the residue remains similar.  Using DCC is advantageous in generating macrocycles that 
can capitalize on small differences in available non-covalent interactions.  Using DCC and a 
variety of monomers, our group has successfully identified properties that encourage 
selective binding of 3NT over Tyr.  A number of receptors were amplified in the presence of 
3NT over Tyr in initial DCC library screens, and A3 was identified as a potential scaffold for 
3NT receptors.   
A variety of novel monomers have been synthesized and screened in DCC libraries 
and conditions for DCC libraries have been optimized.  Further derivatization and redesign of 
receptors should improve binding and selectivity of small molecule receptors for 3NT.  
Furthermore, systematic structure function studies will continue to provide valuable insight 
into non-covalent interactions with 3NT in water as well as the forces that govern selectivity 
for binding to 3NT over Tyr. 
E. Experimental 
 For experimental details pertaining to analytical HPLC, analytical LC/MS, and 
peptide synthesis and purification refer to Chapter 1. For experimental details on 
fluorescence anisotropy and ITC refer to Chapter 2. 
i. DCC Library Preparation: Non-Buffered 
 DCC libraries were prepared from freshly made stock solutions of monomers and 
peptides.  Monomers were dissolved using slow addition of NaOH (1.0 M) to deprotonate 
carboxylic acids and thiols to encourage water solubility. Once the solution turned clear, the 
241	  
pH was reduced to 8-9 with the addition of HCl (1.0 M) and was diluted to the desired 
concentration with deionized water (typically 10 mM).  Libraries were prepared by 
combining two or three monomers in appropriate ratios with peptide guest, either GYGE-
NH2 or GY(NO2)GE-NH2 to generate DCC libraries with a total monomer concentration of 
4-10 mM and guest concentration equal to total monomer concentration. Libraries were 
allowed to equilibrate for up to 4 weeks and were analyzed by LC/MS (5 mM NH4OAc in 
H2O and CH3CN) and analytical, reverse-phase HPLC (10 mM NH4OAc in H2O and 
CH3CN) at various time points during equilibration. 
ii. Preparative DCC Library for Het-A3 
Otto and coworkers first reported het-A3 as a DCC library member that was amplified 
in the presence of a variety of alkyl ammoniums.61,62  Het-A3 was synthesized in a 
preparative DCC library with monomer A (5 mM) ATMA (5 mM) in water, pH 8.5 (Figure 
3.16).62  After eight days, the library was diluted with water and CH3CN, filtered with 0.22 
µm PVDF filters, and het-A3 was purified by reverse-phase HPLC under buffered conditions 
(A: 100% H2O, 10 mM NH4OAc; B: 90% CH3CN, 10% H2O, 10 mM NH4OAc).  The 
receptor eluted as a mixture of both sets of diastereomers with het-A3 eluting first.  After a 
second purification by HPLC in buffered conditions, het-A3 was dried by lyophilization, and 
ammonium salts were sublimated under high vacuum for five days. 
iii. Preparative DCC Library for Hom-A3 
Preparative DCC libraries for the synthesis of hom-A3 were prepared by monomer A 
(5 mM) with Et4NI (10 mM) in water, pH 8.5. After equilibration, the library was acidified 
with TFA, diluted with water and CH3CN, filtered with 0.22 µm PVDF filters, and hom-A3 
was purified by reverse-phase HPLC under acidic conditions (A: 95% H2O, 5% CH3CN, 
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0.01% TFA; B: 95% CH3CN, 5% H2O, 0.01% TFA).  The receptor was collected in 3 
fractions, lyophilized, and subjected to HPLC purification two or three times in order to 
remove all het-A3. MS (ESI-): Expected: 1061.00 [M-H]-; Observed: 1060.91 [M-H]-. 
iv. Fluorescence Quenching 
 Binding assays were performed using purified hom-A3 and fluorescein or dansyl 
labeled calmodulin peptide (FaM/Dan_GKGNGDGXISKKK-NH2, where X = Y(NO2) or Y) 
in phosphate buffer (10 mM, pH 8.5).  Hom-A3 (0-195 µM) was titrated into peptide (5 µM 
for Y(NO2) peptides, and 25 µM for Tyr).  Assays were prepared in 96-well half-area plates 
with a total volume of 50 µL per well, containing 5 or 25 µM peptide and increasing 
concentrations of hom- or het-A3 (0-195 µM). Fluorescence scans were measured on a 
POLARstar plate reader (BMG Labtech) at 24 °C using an excitation wavelength of 485 nm 
and an emission wavelength of 520 nm. 
 Fluorescence titrations were plotted as a function of the concentration of A3 and fit to 
Equation 3.1 for 1:1 binding in KaleidaGraph, where I is the observed fluorescence intensity, 
I0 is the initial fluorescence intensity of the peptide, I∞ is the maximum fluorescence intensity 
at binding saturation, [L] is the concentration of A3, and Kd is the dissociation constant. All 
measurements were taken in triplicate.  
I = (I0 + I∞([L]/Kd))/(1 + ([L]/Kd)) 
Equation 3.1. Equation used to fit fluorescence quenching data to determine Kd in binding 
experiments. 
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v. Synthesis of Pamam 
 
a. Dimethyl 4,4’-methylenebis(3-hydroxy-2-naphthoate) 
A 100 mL flask was charged with pamoic acid (2.50 g, 3.0 mmol) and flushed with 
nitrogen gas. Anhydrous DMF (20 mL) was added to the flask and the resulting suspension 
was cooled to 0°C.  Potassium bicarbonate (granular, oven-dried, 0.715 g, 1.1 equivalents) 
was added in one portion and the reaction stirred for 20 minutes  to produce a translucent 
solution.  Methyl iodide (440 µL, 1.1 equivalents) was added dropwise and the solution was 
warmed to 40°C in a water bath.  After one hour a second equivalent of potassium 
bicarbonate (0.72 g) was added, followed by methyl iodide (440 µL). The reaction was 
stirred at 40°C overnight under positive nitrogen pressure.  After 12 hours potassium iodide 
had precipitated and the solution was dark yellow.  The reaction mixture was poured into 
water (140 mL) and the resulting precipitate filtered and washed with sodium bicarbonate 
(5% aqueous, 40 mL) to remove any unreacted or partially-reacted starting material.  The 
filtrate was dried under vacuum to afford a pure yellow powder (2.55 g, 95% yield). 1H NMR 
(400 MHz, CDCl3): δ = 11.27 (2 Ar-OH, s), 8.43 (2 Ar-H, s), 8.26 (2 Ar-H, d), 7.38 (2 Ar-H, 
m), 7.24 ( 2 Ar-H, d), 7.214 (2 Ar-H, dd), 4.983 (2 C-H, s), 4.08 (6 C-H, s). 13C NMR (600 
MHz, CDCl3) δ = 171.14, 153.43, 137.33, 131.62, 130.00, 129.08, 127.24, 124.38, 123.56, 
121.99, 113.53, 52.82, 20.67. ESI(-). Expected: 415.13 [M-H]-; Observed: 415.18 [M-H]-. 
CH3I
KHCO3, DMF
0oC-40oC
CO2Me
OH
OH
CO2Me
CO2H
OH
OH
CO2H
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b. Dimethyl 4,4’-methylenebis(3-((dimethylcarbamothioyl)oxy)-2-naphthoate) 
Dimethyl 4,4’-methylenebis(3-hydroxy-2-naphthoate) (1.0 g) was suspended in anhydrous 
DMF (20 mL) and cooled to 0 °C.  To this solution was added 1,4-diazabicyclo[2.2.2]octane 
(1.1 g, 9.6 mmol) in two equivalent portions. To the resulting suspension, a solution of N,N-
dimethylthiocarbamoyl chloride (1.18 g, 9.6 mmol) in anhydrous DMF (10 mL,) was added 
dropwise over 5 minutes at 0 °C.  The solution was allowed to warm to room temperature, 
then heated to 40 °C and stirred under inert atmosphere for 72 hours.  The reaction mixture 
was poured into cold water (60 mL) and the resulting yellow precipitate was filtered. The 
crude product was recrystalized from chloroform to produce yellow crystals (yield 
unoptimized). 1H NMR (400 MHz, CDCl3): δ = 8.539 (2H, s), 8.483 (2H, d), 7.989 (2H, d), 
7.719 (2H, t), 7.612 (2H, d), 4.889 (2H, s), 3.816 (6H, s), 3.158 (6H, s), 1.966 (6H, s). 
 
c. Dimethyl 4,4’-methylenebis(3-((dimethylcarbamoyl)thio)-2-naphthoate) 
Dimethyl 4,4’-methylenebis(3-((dimethylcarbamothioyl)oxy)-2-naphthoate) (1 g) was 
dissolved in diphenyl ether (10 mL) and heated to 240 °C for 4 hours. The solution was 
cooled to room temperature and purified by flash column chromatography on silica gel to 
give a yellow powder with limited solubility. 1H NMR (CDCl3, 400 MHz): δ = 8.21 (2H, s), 
7.83 (2H, s), 7.45 (2H, s), 7.34 (2H, s), 5.63 (2H, s), 3.94 (6H, s), 2.97 (12H, broad s). 
DABCO, DMF
0oC-22oC
Cl
S
N
CO2Me
O
O
CO2Me
S
N
N
SCO2Me
OH
OH
CO2Me
240oC
Ph2O
CO2Me
O
O
CO2Me
S
N
N
S CO2Me
S
S
CO2Me
O
N
N
O
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d. 4,4’-methylenebis(3-mercapto-2-naphthoic acid) 
Aqueous sodium hydroxide (3.0 M, 20 mL) was degassed for 2 hours and methanol 
(10 mL) was degassed using 4 pump/freeze cycles.  Dimethyl 4,4’-methylenebis(3-
((dimethylcarbamoyl)thio)-2-naphthoate) (0.2 g) was added to the degassed methanol (2.5 
mL) and partially stirred until partially dissolved.  Degassed sodium hydroxide (5 mL) was 
added to the solution and the system was purged with nitrogen gas for 15 minutes. The 
solution was heated to reflux for 36 hours and cooled to room temperature.  Degassed water 
(50 mL) was added to the solution followed by HCl (10%, 10 mL) to afford a bright red 
precipitate. The precipitate was filtered, washed with acidic water and dried under vacuum 
for 2 hours to give a red solid with very limited solubility (yield unoptimized). Impure: 1H 
NMR (DMSO-d6, 400 MHz): 8.45 (2H, d), 8.01 (2H, s), 7.66 (2H, d), 7.48 (s, 1H), 7.38 (2H, 
t), 7.31 (2H, t), 4.66 (s, 0.5H)
NaOH (3M)
MeOH, H2O
Reflux
CO2H
SH
SH
CO2H
CO2Me
S
S
CO2Me
O
N
N
O
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